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Abstract 
Environmental light levels are encoded in the eye by melanopsin expressing 
intrinsically photosensitive retinal ganglion cells (ipRGCs), which project to over a 
dozen brain regions including those that control circadian rhythms and the pupil light 
reflex (PLR).  Pupil diameter is regulated by the combination of extrinsic synaptic 
transmission of rod and cone signals to ipRGCs, as well as intrinsic signalling by the 
endogenous photopigment melanopsin, which controls the dark adapted post-
illumination pupil response.  Physiological recordings reveal these extrinsic and 
intrinsic pathways have distinct temporal, spatial, and adaptation dynamics:  Latency 
to spiking and time to peak spiking is orders of magnitudes slower for intrinsic 
signalling compared to extrinsic signalling, the density and dendritic field diameter 
of ipRGCs vary significantly with retinal location, and intrinsic pathway signalling 
adapts slower than classical rod and cone signalling.  However, how these factors 
contribute to the regulation of the human pupil light reflex is not well understood. 
How the dynamics of the human pupil light reflex are regulated by the temporal, 
spatial and light adaptation properties of the intrinsic melanopsin and extrinsic 
classical photoreceptor pathways is determined in three experiments using stimuli 
designed to optimise intrinsic or extrinsic pathway contributions to the pupil. 
The first experiment determined the temporal integration times of extrinsic and 
intrinsic pathway inputs to pupil control.  It identified that the dark adapted post-
illumination pupil response (PIPR), a measure of pure intrinsic pathway signalling, 
was invariant both to changes in inter-stimulus interval between aperiodic stimulus 
pulses as well as to the temporal frequency of longer duration periodic stimuli.  The 
paradigms identified a new metric measuring extrinsic and intrinsic interactions that 
modulate the pupil light reflex in response to periodic stimulation: the phasic peak-
to-trough pupil amplitude.  The results indicate that extrinsic pathway temporal 
summation may potentially occur at two sites: afferent to synaptic input to ipRGCs 
or within the pupil control pathway itself. 
The second experiment assessed how extrinsic and intrinsic inputs to pupil 
control vary with retinal eccentricity, by measuring the pupil light reflex at two 
locations, central and peripheral.  It determined that the spatial integration properties 
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of both constriction amplitude and PIPR amplitude obey a corneal flux density 
relationship at both eccentricities.  The PIPR amplitude was reduced by 10% in the 
periphery, while the constriction amplitude was similar at both retinal eccentricities, 
suggestive of dominant extrinsic pathway contributions to pupil constriction.  The 
mechanism for this reduction in intrinsic pathway amplitude response is postulated to 
be due to reduced ipRGC density in the periphery leading to reduced olivary 
pretectal nucleus (OPN) signalling to the pupil musculature. 
The third experiment assessed the effect of rod (extrinsic pathway) and 
melanopsin (intrinsic pathway) adaptation upon the light adapted pupil light reflex 
using sets of brief pre-adapting fields univariant for rod or melanopsin excitation.  It 
determined that the pupil constriction amplitude was independent of pre-adapting 
field univariance condition, but that the PIPR amplitude was reduced under 
melanopsin univariant conditions.  The study also demonstrated that the dynamics of 
the pupil light reflex are opposite under dark versus light adapted conditions. 
Together these findings support the hypothesis that extrinsic inputs to ipRGCs may 
facilitate or inhibit the intrinsic ipRGC signal. 
This program of research advances understanding by demonstrating that the 
temporal, spatial and adaptation properties of the intrinsic and extrinsic ipRGC 
pathways to pupil control are fundamentally distinct and dissociable by the OPN, and 
defines how temporal, spatial and adaptation factors affect the pupil light reflex. 
This is necessary knowledge for the development of clinical pupillometric protocols 
for the assessment of ocular and neurological deficits. 
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Chapter 1: Introduction 
The pupil light reflex (PLR) is the only non-invasive measure of inner and 
outer retinal photoreceptor function, with contributions from rods, cones, and the 
newly discovered intrinsically photosensitive retinal ganglion cells (ipRGCs).  
Historically the PLR has been assessed subjectively, using neuro-ophthalmological 
tests such as the swinging flashlight test to measure the relative afferent pupil defect 
(RAPD), to assess diseases affecting optic nerve that occur afferent to the optic 
chiasm (Broadway, 2012; Thompson, Corbett, & Cox, 1981).  Advances in 
technology have afforded the development of pupillometry systems with high 
temporal and spatial resolution of the pupillary dynamics, utilising infrared 
illuminants and video cameras to perform tests under dark adapted conditions 
(Kardon, 1992; Loewenfeld, 1993; Lowenstein & Loewenfeld, 1958).  There is great 
interest in developing commercial pupillometers for the clinical assessment of a 
variety of diseases that affect the retina and optic nerve including glaucoma (Carle, 
James, Kolic, Essex, & Maddess, 2015; Feigl, Mattes, Thomas, & Zele, 2011; 
Kankipati, Girkin, & Gamlin, 2011), age-related macular degeneration (Maynard, 
Zele, & Feigl, 2015; Sabeti, Maddess, Essex, & James, 2011) and diabetes (Feigl, 
Zele, et al., 2011; Sabeti, Nolan, James, Jenkins, & Maddess, 2015).  Given that the 
pupil is under control of the autonomic nervous system (Gamlin, 2003; McDougal & 
Gamlin, 2015; McDougal & Gamlin, 2008), there is additionally interest in the PLR 
as a measure of autonomic function in diseases typically considered non-visual in 
nature, including Alzheimer’s Disease (Granholm et al., 2003), Parkinson’s Disease 
(Giza, Fotiou, Bostantjopoulou, Katsarou, & Karlovasitou, 2011; Granholm et al., 
2003; Micieli et al., 1991), traumatic brain injury (Mohan, Kecova, Hernandez-
Merino, Kardon, & Harper, 2013; Taylor et al., 2003), as well as interest in 
pupillometry for the study of mental phenomena including brightness illusions 
(Binda, Pereverzeva, & Murray, 2013; Laeng & Endestad, 2012).  The development 
of optimal chromatic stimuli for the assessment of retinal contributions to pupil 
control is ongoing, including the characterisation of the pupil light reflex in response 
to changes in the temporal, spatial and adaptation properties of the stimulus. 
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Like classical retinal ganglion cells (RGCs) that contribute to the image 
forming magnocellular, parvocellular and koniocellular pathways, intrinsically 
photosensitive retinal ganglion cells form the physiological conduit for the 
transmission of outer retinal (rod and cone) signals to brain centres via the optic 
nerve (for review see Benarroch, 2011; Do and Yau, 2010; Schmidt, Chen, and 
Hattar, 2011; Schmidt et al., 2011).  However, ipRGCs are themselves intrinsically 
photosensitive and capture photons via the photopigment melanopsin (Dacey et al., 
2005; Schmidt, Chen, et al., 2011) encoded by the Opn4 gene (Hattar, Liao, Takao, 
Berson, & Yau, 2002).  Synaptic rod and cone inputs via bipolar cells  to ipRGCs 
(Grünert, Jusuf, Lee, & Nguyen, 2011; Jusuf, Lee, Hannibal, & Grünert, 2007) is 
termed the extrinsic pathway, while endogenous photon capture constitutes the 
intrinsic pathway.  Further studies have revealed that there are at least 5 subtypes 
(M1 – M5) identified in rodent models (Sand, Schmidt, & Kofuji, 2012; Schmidt, 
Do, et al., 2011), of which M1 and M2 are confirmed in humans (Dacey et al., 2005; 
Dacey, Peterson, Liao, & Yau, 2006) and other primates (Dacey et al., 2005; Dacey 
et al., 2006; Jusuf et al., 2007; Neumann, Haverkamp, & Auferkorte, 2011).  The 
subtypes differ in their morphology, electrophysiology, retinal location, afferent 
inputs, and efferent projections, including diverse regions of the brain involved with 
aspects of non-image forming vision including pupil control, circadian 
photoentrainment, sleep and mood, and image-forming vision (for review see 
Schmidt, Chen, and Hattar, 2011).  Crucially, the spectral sensitivity of the human 
dark adapted post-illumination pupil response (PIPR) of the pupil light reflex has 
been shown to be a direct measure of the intrinsic (melanopsin-mediated) 
photoreception pathway of ipRGCs (Adhikari, Zele, & Feigl, 2015; Gamlin et al., 
2007; Markwell, Feigl, & Zele, 2010).  By studying the different components of the 
pupil light reflex, the contributions of rods, cones, melanopsin, and their interactions 
can be observed (Dacey et al., 2005; Kardon et al., 2009).  In particular, the PIPR, 
which is the sustained constriction of the pupil after light offset, can give important 
insight into the function of the intrinsic (melanopsin) pathway of ipRGCs in the 
healthy and diseased eye.  
The electrophysiology of ipRGC signalling and their functional correlates is a 
matter of ongoing investigation in humans, with the human pupil light reflex a non-
invasive measure of the functional extrinsic and intrinsic pathway signalling and 
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interactions.  As a necessary precursor to developing clinical tests with high 
sensitivity and specificity for disease, it is important to characterise the temporal, 
spatial and adaptation properties of ipRGC signalling as measured in the PLR and 
PIPR.  The majority of studies utilised long duration (~10 s) square wave stimulus 
increments projected to the central retina, but for image forming vision, stimulus 
properties such as waveform, irradiance, spectral power distribution and retinal 
eccentricity, and light and dark adaptation; affect rod and cone sensitivity to 
determine visual threshold (see Zele and Cao, 2014).  For non-image forming vision, 
additional complexity is added due to the intrinsic photosensitivity of ipRGCs and 
the differing spatial and temporal properties of the five ipRGC subtypes. 
Although the pupil light reflex has been the subject of many studies, the 
temporal, spatial and adaptation properties of the melanopsin contributions to the 
amplitude and timing of these functions are not fully understood.  The three 
experiments in this thesis investigate factors determining the amplitude and timing of 
the pupil light reflex; stimulus waveform (aperiodic and periodic), duration, retinal 
eccentricity (central and peripheral) and light adaptation level.  Experiment 1 
investigated the temporal summation properties of the pupil control pathway, using 
aperiodic (pulsed) and periodic (flickering) stimuli.  It determined that the dark 
adapted PIPR amplitude is invariant to the duration between aperiodic stimuli of up 
to a second in duration, and is independent of stimulus temporal frequency, therefore 
intrinsic melanopsin inputs to pupil control are not sensitive to the temporal 
arrangement of photon flux over the durations tested.  Importantly, a new signature 
measure of the extrinsic and intrinsic pathway interactions was identified in the 
periodic response amplitude of the pupil, which was attenuated during high but not 
low melanopsin excitation. 
The aim of Experiment 2 was to understand the spatial summation properties of 
the PIPR in the peripheral retina.  Image and non-image forming vision have similar 
temporal and spatial processing properties, for example pupil constriction criterion 
threshold and visual thresholds parallel one another (Alpern, McCready, & Barr, 
1963; Schweitzer, 1956; Webster, 1969).  For light adapted image forming vision, 
sensitivity is highest in the central retina and reduces with increasing eccentricity, 
forming a characteristic hill of vision (Barton & Benatar, 2003), and spatial 
summation varies with stimulus duration (Barlow, 1958; Ueno, 1979).  Such 
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relationships have not been characterised for intrinsic melanopsin signalling.  The 
light adapted steady state pupil diameter during centrally presented stimulation has a 
corneal flux density (CFD) relationship, such that the product of luminance and area 
are reciprocal: doubling either the luminance or the area has the same effect upon the 
steady state diameter (Atchison et al., 2011; Crawford, 1936; Park & McAnany, 
2015; Stanley & Davies, 1995; Vervoort, 1899).  A CFD relationship has also 
recently been established for the PIPR in the central retina (Park & McAnany, 2015), 
but whether this holds for the peripheral retina has not been determined.  The M1 
ipRGC subtype decrease in density but increase in dendritic field size with increasing 
retinal eccentricity (Dacey et al., 2005; Liao et al., 2016) and Experiment 2 examines 
how this interplay in density and size alters the PIPR amplitude in the peripheral 
retina.  Using brief 100 ms and 1 s stimuli, the predominantly extrinsically driven 
pupil constriction amplitude and intrinsically driven PIPR were assessed centrally 
(0°) and peripherally (20°) under dark adapted conditions.  The CFD held for both 
retinal locations and pupil constriction amplitude was similar at both retinal 
eccentricities; but PIPR amplitude was reduced peripherally.  This suggests that the 
extrinsic and intrinsic pathways process spatial information differently, such that 
intrinsic signalling may be dependent upon ipRGC cell density while extrinsic 
pathway signalling may be dependent upon rod/cone photoreceptor distribution.  
Such information is necessary in the development of pupil paradigms to assess 
deficits in the pupil response across the visual field to measure disease. 
The aim of Experiment 3 was to explore the effect of dark and light adaptation 
state upon the human pupil light reflex.  Two studies in humans indicate that 
continuous exposure to two minutes of blue light can attenuate the sustained PIPR 
response (Park & McAnany, 2015; Park et al., 2011), but the mechanism driving this 
was not identified.  This attenuation is potentially due to adaptation of short 
wavelength sensitive contributions, potentially rods or melanopsin given their 
predominant contributions to the pupil light reflex for stimuli ≥1 s in duration (Joyce, 
Feigl, Cao, & Zele, 2015; McDougal & Gamlin, 2010).  Experiment 3A determined 
the effect of light adaptation upon the pupil control pathway, the post-stimulus pupil 
response (PSPR, measured during background field presentation and analogous to 
the dark adapted PIPR) was measured in response to continuous background light 
exposure from 5 to 60 s prior to a melanopsin activating stimulus.  The PSPR was 
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found to decrease in amplitude at irradiances above melanopsin threshold, 
demonstrating that melanopsin contributions to the pupil may manifest differently 
depending on the level of light adaptation.   
It has been suggested that in rodents, extrinsic influences upon the intrinsic 
signal may modulate neurotransmitter expression in the SCN (Belenky, Smeraski, 
Provencio, Sollars, & Pickard, 2003) or alter the signalling properties of the intrinsic 
pathway through changes in membrane conduction, calcium influx, or metabotropic 
receptor interactions in the phototransduction cascade (Wong, Dunn, Graham, & 
Berson, 2007).  However, an effect of extrinsic pathway signalling upon the human 
PIPR has not been shown.  To determine the effect of pre-adaptation upon the light 
adapted pupil control pathway, in Experiment 3B sets of pre-adapting fields 
univariant for rod or melanopsin excitation were varied in duration (1 – 5 s) and 
irradiance (mesopic to photopic), followed by a melanopsin activating stimulus.  The 
intrinsically mediated PIPR amplitude was dependent upon pre-adapting univariance 
and irradiance, while extrinsically+intrinsically mediated constriction amplitude 
increased with field duration and irradiance, independent of univariance.  Such 
evidence suggests that the PIPR, which is purely a measure of the intrinsic 
(melanopsin) ipRGC pathway, is influenced by short duration pre-exposure to light.  
Therefore, for non-image forming functions, the differences in the time course of 
adaptation between extrinsic and intrinsic contributions that travel via the same 
ipRGC axon are differentiable by the OPN, and these differences can be observed in 
the human pupil light reflex.  This is fundamentally different from image forming 
functions, whereby the LGN is unable to resolve the photoreceptor of origin of 
signals that travel via the magnocellular, parvocellular and koniocellular projections 
(Cao, Pokorny, Smith, & Zele, 2008). 
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Chapter 2: Literature Review 
This chapter provides a critical review of the literature linking ipRGCs to the 
pupil light reflex.  It starts with a discussion of evidence for a third class of 
photoreceptor in the eye and the human pupil control pathway.  The morphology of 
ipRGCs and their extrinsic and intrinsic electrophysiology are detailed, followed by 
the functional correlates of ipRGC signalling as evidenced in the pupil light reflex.  
Deficits in knowledge of the temporal, spatial, and adaptation properties of the pupil 
light reflex are identified, and the chapter concludes with the thesis rationale, 
experimental aims and hypotheses. 
2.1  EVIDENCE FOR A FIFTH PHOTORECEPTOR 
Before 2000, rods and cones were the only photoreceptors identified in the 
mammalian eye (for review see Berson, 2003;  McDougal and Gamlin, 2008), 
thought to mediate both perceptual image forming vision and non-image forming 
visual functions including pupil control and circadian rhythmicity.  Rods and cones 
are both capable of signalling achromatic and chromatic vision (Pokorny, Lutze, 
Cao, & Zele, 2006); rods have high sensitivity and slow temporal dynamics while 
cones have high spatial and temporal contrast sensitivity but with lower sensitivity 
than rods (for review see Kawamura and Tachibanaki, 2008; Zele and Cao, 2014).  
Rods are most sensitive under scotopic and mesopic illuminations (darkness to 
twilight) while cones signal from mesopic to photopic illuminations (twilight to 
daylight) (CIE, 1989; Pokorny et al., 2006).  Rods and cones were therefore thought 
to possess the dynamic range to mediate both image and non-image forming vision 
under all irradiances.  However, the transmission of image forming signals from rods 
and cones to higher order neurons (e.g., bipolar and ganglion cells) utilises 
antagonistic contrast mechanisms (for review see Martin & Grünert, 2004) and 
therefore does not retain information about external irradiance required to detect 
changes in the solar day.  From a functional standpoint, the visual system possessed 
an unknown mechanism that was able to detect absolute changes in environmental 
irradiance to mediate image and non-image forming vision.   
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Converging evidence from studies rod/cone degenerate mice and blind humans 
led to the hypothesis that an additional class of photoreceptor may be integral to 
circadian photoentrainment (Czeisler et al., 1995; Foster et al., 1993; Provencio & 
Foster, 1995), and evidence from as far back as 1927 suggested that a fifth 
photoreceptor type might exist:  Despite being visually blind, outer retinally 
degenerate mice lacking rods and cones were still able to constrict their pupils to 
changes in irradiance (Keeler, 1927).  In achromatic humans lacking cone 
photoreceptors, Alpern, Ohba and Birndoff (1974) observed that pupil constriction 
continued above rod saturation levels in a dose-dependent manner.  In trichromatic 
humans, Barlow and Verrillo (1976) used magnitude estimation to quantify 
brightness sensation while viewing a Ganzfeld, a device which produces a uniform, 
full-field illumination with no spatial cues (Gur, 1989).  They showed that 
participants’ brightness estimation increased linearly with increasing irradiance over 
a range from 7 to 10 log photons.cm
2
.s
-1
.  This occurred despite the participants 
having no reference field to compare the differing irradiance levels, indicating the 
presence of an unknown mechanism by which absolute irradiance could be 
transduced.  Barlow and Levick (1969) found a substrate for such irradiance coding 
in the cat retina, where ‘luminance coding’ cells demonstrated a monotonic increase 
in spike rate with increasing irradiance, a feature of the intrinsic signalling pathway 
of the recently discovered ipRGCs (Dacey et al., 2005). 
Preliminary evidence for the spectral sensitivity of an irradiance coding 
mechanism with a short wavelength peak was provided by Bouma (1965) and Gur 
(1989).  Using a Ganzfeld, Gur (1989) exposed participants to narrowband lights of 
various wavelengths (440 – 620 nm) for long durations so that the percept of the 
stimuli desaturated, then became darkened as the visual system adapted.  It was 
found that the fade out sensation after turning a stimulus off and additional darkness 
sensation after the light was turned off were both wavelength dependent.  As 
wavelength became shorter (from red to blue), fading times were longer and 
additional darkness sensations stronger, indicating that this mechanism was most 
sensitive to short wavelength light of ~460 nm.  Compatible with this image-forming 
spectral sensitivity, the steady-state pupil response amplitude for photometrically-
matched stimuli of varying wavelength (425 – 620 nm) was found by Bouma (1962) 
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to have a spectral peak of 490 nm, which was attributed at the time to rod and S-cone 
contributions to the pupil. 
Measurement of the human pupil provided evidence for a fifth photoreceptor 
that operated at photopic irradiances.  Pupil constriction was thought to be mediated 
entirely by rods at scotopic to mesopic irradiances and cones at mesopic to photopic 
irradiances (Alpern & Campbell, 1962; Bouma, 1965).  Steady state pupil diameter 
should therefore be mediated by the same mechanism at each irradiance, but the 
steady state pupil was found to be invariant to changes in stimulus angle (Bouma, 
1965; Spring & Stiles, 1948).  This suggested that steady state pupil diameter was 
rod mediated, as cones are subject to the Stiles-Crawford effect whereby photon 
catch by cones is reduced with increasing angle of incident light upon the retina 
(Snyder & Pask, 1973; Stiles & Crawford, 1933; Westheimer, 2008), which would 
result in increased steady state pupil diameter as stimulus eccentricity increased.  
However, this violation of the Stiles-Crawford effect held at photopic light levels 
where rod contributions to image forming vision saturate (Aguilar & Stiles, 1954).  
This suggested contributions to pupil control from a non-cone class of photoreceptors 
that operated under photopic irradiances, potentially extending lower into mesopic 
and scotopic ranges.    This body of evidence underscores the utility of 
psychophysical methods, including pupillometry, in measuring photoreceptor 
contributions to image and non-image forming processes. 
2.2 THE HUMAN PUPIL CONTROL PATHWAY 
The pupil in the human eye is an aperture, an optical component which can 
change in area some 28-fold to regulate the amount of light incident upon the retina 
over a 1.5 log unit range (McDougal & Gamlin, 2008).  Responding to light 
increments within ~180 to ~300 ms (Barbur, Wolf, & Lennie, 1998; Bergamin & 
Kardon, 2003; Lee, Cohen, & Boynton, 1969; Loewenfeld, 1993), pupillary control 
of retinal irradiance works in concert with retinal and cortical adaptation to maintain 
optimum visual sensitivity (Hood & Finkelstein, 1986) over a 10 log unit range 
(McDougal & Gamlin, 2008).  Pupil modulation optimises the optical properties of 
the eye, including depth of focus, optical aberrations, and diffraction, to maximise 
the resolving power of the visual system (McDougal & Gamlin, 2008). 
 10 Chapter 2: Literature Review 
In humans and primates, the pupil control pathway (Figure 2.1) is a division of 
the autonomic nervous system, a subcortical pathway controlled by the Edinger-
Westphal (EWN) and olivary pretectal (OPN) nuclei  (Gamlin, 2003; McDougal & 
Gamlin, 2015).  This is distinct from the PLR of some fish, amphibians (Barr & 
Alpern, 1963; Seliger, 1962) and birds (Tu, Batten, Palczewski, & Van Gelder, 2004) 
which have pupil responses to light when the eye is isolated from the body, therefore 
possessing an intrinsic pupil light reflex (iPLR).  The human iris consists of two 
opposing sets of smooth muscle, the sphincter and the dilator pupillae muscles, 
which work in concert to regulate pupil size.  The parasympathetic sphincter pupillae 
are arranged in a circle about the pupil and constrict the pupil, while the 
sympathetically controlled dilator pupillae radiate out from the pupil and dilate the 
pupil (McDougal & Gamlin, 2015). 
 
Figure 2.1.  Human pupil light reflex pathway. Pupil diameter is controlled by sympathetic and 
parasympathetic balance of the autonomic nervous system.  Sphincter pupillae muscles constrict the 
pupil during light stimulation, driven by a pathway that originates in the olivary pretectal nucleus that 
projects via the Edinger-Westphal nuclei, oculomotor nerve intermediaries and the ciliary ganglion.  
In the absence of light, dilator pupillae muscles enlarge the pupil due to signals originating in the 
ciliospinal centre that travel via the superior cervical ganglion.  Figure is from McDougal and Gamlin 
(2015), copyright American Physiology Society / John Wiley & Sons, Ltd..  Reproduced with 
permission. 
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During light stimulation, photons are captured and transduced by rods and 
cones.  Together, rods and cones make up the extrinsic pathway of a newly 
discovered class of retinal ganglion cells, termed intrinsically photosensitive retinal 
ganglion cells (ipRGCs) or melanopsin retinal ganglion cells.  IpRGCs are 
themselves capable of endogenous photon capture (see Section 2.4), termed the 
intrinsic pathway.  In this thesis, the pupil is used as an indirect measure of both the 
intrinsic melanopsin and extrinsic rod and cone photoreceptor pathways in humans.  
Within ipRGCs, the light signals from rods and cones share a common physiological 
substrate with intrinsic melanopsin signalling, exiting the eye via ipRGC axons in the 
optic nerve to brain targets.  The optic nerve decussates at the optic chiasm and 
continues along the optic tract to the OPN within the pretectum, of which the OPN 
shell regulates pupil diameter (McNeill et al., 2011) while its core is of unknown 
function.  Retinal ganglion cell projections to the pretectum are bilateral, having a 
denser contralateral component in primates and rodents (Hutchins & Weber, 1985; 
McDougal & Gamlin, 2008).  In rodents, the temporal retina projects to the 
ipsilateral OPN while the nasal retina projects contralaterally (Scalia & Arango, 
1979).  Projections from the OPN innervate both sides of the EWN, where the 
efferent pathway begins.  Ipsilateral projections from the EWN travel via cranial 
nerve III (inferior oculomotor nerve) to the ciliary ganglion and synapse with nerve 
fibres which project to the sphincter pupillae musculature for pupil constriction.  
Post-ganglion neurons in the ciliary ganglion project to the iris, innervating the 
sphincter pupillae muscle and constrict the pupil in response to light stimulation 
(Loewenfeld, 1993; McDougal & Gamlin, 2015; McDougal & Gamlin, 2008). 
When in darkness, the balance of autonomic activity is weighted towards the 
sympathetic pathway and pupil dilation (McDougal & Gamlin, 2015; McDougal & 
Gamlin, 2008).  Due to lack of photic sensory information in darkness, output from 
the EWN is reduced and the sphincter pupillae relax, dilating the pupil.  The 
sympathetic pupil control pathway originates at the ciliospinal centre located in the 
spinal cord, where neurons project to the superior cervical ganglion and synapse with 
pupillodilator fibres.  These fibres travel via the ciliary ganglion to synapse with the 
pupillae dilator muscles which contract, causing the pupil to enlarge (McDougal & 
Gamlin, 2015; McDougal & Gamlin, 2008). 
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2.3 THE PUPIL LIGHT REFLEX 
The pupil light reflex (PLR) is the constriction and redilation of the pupil that 
occurs in response to changes in retinal illumination (Loewenfeld, 1993; McDougal 
& Gamlin, 2008).  It has recently been discovered that ipRGCs mediate the human 
PLR (Gamlin et al., 2007; McDougal & Gamlin, 2010; Young & Kimura, 2008).  
The ratio of ipRGC to RGC inputs to the OPN is as yet unknown in humans, with the 
suggestion that the inputs are ‘predominantly’ from ipRGCs (McDougal & Gamlin, 
2015; McDougal & Gamlin, 2008) with evidence from rodent models supporting this 
assertion (Allen, Brown, & Lucas, 2011; Hattar et al., 2006; Morin, Blanchard, & 
Provencio, 2003).  Pupil constriction and re-dilation provides an objective measure 
of the visual and pupillary pathways and links retinal, midbrain and autonomic 
function (Loewenfeld, 1993).  The pupil can also dilate due to top-down autonomic 
processes such as emotional arousal (Bradley, Miccoli, Escrig, & Lang, 2008).  In 
humans, changes in pupil diameter occur bilaterally and are equivalent in velocity 
and magnitude, such that both eyes react in parallel even if a stimulus is only applied 
to one eye (Gamlin, 2003; Loewenfeld, 1993).  Hemifield differences in constriction 
amplitudes have been observed using automated perimetry stimuli not optimised to 
assess ipRGC function, with the largest pupil response amplitudes in the superior 
temporal quadrant (inferior nasal retina) and the smallest amplitude responses in the 
inferior nasal quadrant (superior temporal retina) (Kardon, Kirkali, & Thompson, 
1991).  Figure 2.2 shows representative pupil light responses for 1 second pulse 
stimuli.  These stimuli are radiometrically matched (15.2 log quanta.cm
-2
.s
-1
) and are 
designed to differentially activate ipRGCs by using short (464 nm, extrinsic and 
intrinsic ipRGC pathway activating) and long (638 nm, extrinsic ipRGC pathway 
activating) wavelength light; further detail will be given in Section 2.4.  A typical 
PLR plot shows baseline diameter (0 – 10 s), maximum constriction amplitude, and 
the redilation after stimulus offset, termed the post-illumination pupil response 
(PIPR). 
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Figure 2.2.  Characteristic human pupil light reflex (PLR).  Tracings depict pupil response to 15.2 
log quanta.cm-2.s-1 of red (638 nm, top trace) and blue (464 nm, bottom trace) stimuli of 1s duration.  
Points of interest include pre-stimulus baseline diameter (0 to 10s) which are the data are normalised 
to, constriction amplitude (~10.5 s to ~13 s depending on wavelength) and post-illumination pupil 
response after constriction.  This post-illumination pupil response is quantified with the 6 s PIPR 
metric in the experiments presented.  Note blue trace does not return to baseline post-stimulus due to 
the intrinsic ipRGC response, while red trace approximates baseline.  Data are from the Visual 
Science and Medical Retina Laboratories, QUT.  
By changing the physical properties of the stimulus (duration, size, waveform 
and irradiance) the rod, cone and melanopsin weightings to the various PLR 
components will change, but understanding of these effects is limited.  The temporal, 
spatial and adaptation properties of ipRGC inputs to the PLR will be investigated in 
Experiments 1, 2 and 3 respectively.  On presentation of a narrowband rectangular 
light pulse at high photopic illuminations, the extrinsic ipRGC pathway mediates the 
rapid initial pupil constriction measured at half and three quarters of minimum 
diameter as they are predominantly driven by rods with more minor cone 
contributions (McDougal & Gamlin, 2010).  This occurs despite the high irradiance 
light saturating rod inputs to image forming vision (Aguilar & Stiles, 1954; Altimus 
et al., 2010).  The precise magnitude of the cone contribution is uncertain, with the 
spectral sensitivity of the transient pupil light reflex indicative of cone involvement 
in humans (Alpern & Campbell, 1962) as well as robust cone contributions having 
been demonstrated in transgenic mice (Allen et al., 2011).  Importantly, in mice, 
melanopsin excitation is required to achieve maximum pupil constriction amplitude 
under dark adapted conditions (Lucas et al., 2003) which suggests contributions from 
the intrinsic ipRGC pathway.  The role of intrinsic contributions to pupil constriction 
will be explored further in Experiment 1. 
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During maintained stimulus presentation, the relative rod, cone and ipRGC 
contributions change with stimulus duration from rod dominated (507 nm) to 
intrinsic (melanopsin) ipRGC dominated (470 nm) (McDougal & Gamlin, 2010).  
One second into stimulus presentation rods have a ~3-fold greater contribution than 
cones, at 10 s in rods have 12× the cone contribution, and melanopsin contributions 
are negligible until ≥17.8 s where they dominate.  The relative weightings of 
photoreceptor contributions will also depend upon the photon density (i.e., 
irradiance) of the stimuli, for example, melanopsin contributions are likely to 
increase at high irradiances given their sensitivity to high irradiance light (Berson, 
Dunn, & Takao, 2002; Dacey et al., 2005; Wong, 2012).   Under light adapted 
conditions, Tsujimura, Ukai, Ohama, Nuruki, and Yunokuchi (2010) found that 
ipRGCs largely control the steady state pupil diameter for long duration (10 minute) 
stimuli, with their signalling being three times more important for maintaining pupil 
diameter than that of the luminance signalling from L- and M-cones.  Tsujimura and 
colleagues (2010) also found that the function which predicted steady-state pupil 
diameter could not be produced by a simple summation of the functions describing 
ipRGC contributions and luminance contributions to pupil diameter.  This indicates a 
non-linear addition of these two classes of signal, with a potential role for rod 
signalling despite the photopic light levels used.   
The studies by McDougal and Gamlin (2010) and Tsujimura et al. (2010) 
utilised rectangular pulses which are more likely than phasic stimuli to cause changes 
in adaptation (Vartanian, Zhao, & Wong, 2015), and it is known that ipRGCs under 
pharmacological blockade from rod and cone signals display adaptation of their 
intrinsic (melanopsin) signalling (Wong, Dunn, & Berson, 2005) (see Section 2.4).  
Stimulus waveform is also of importance, as light adapted melanopsin-driven pupil 
latencies are slower for rectangular wave stimuli than Gaussian, potentially due to 
extrinsic cone contributions (Tsujimura & Tokuda, 2011).  The extrinsic signals to 
ipRGCs are additionally known to exert inhibitory and excitatory influences upon 
ipRGC signalling (Dacey et al., 2005), and these rods and cones themselves undergo 
light adaptation (Wong et al., 2005) whereby their signalling decays with continued 
exposure to a background field while simultaneously increasing their spike amplitude 
in response to stimulus pulses as they adapt.  Using periodic stimuli not optimised to 
study intrinsic pathway contributions, Clarke, Zhang, and Gamlin (2003) showed that 
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the phase delay of the pupil’s modulation increases with frequency, while 
Barrionuevo et al. (2014) found that the phasic pupil response (stimuli 0.5 Hz -  8 
Hz) of the light adapted pupil can be described by the linear summation of rod, cone 
and melanopsin signalling, with the phase and amplitude of the pupil response 
largely driven by cones.  Differences between tonic and phasic responses have been 
observed in the pupil during auditory vigilance tasks (Beatty, 1982) as well as in 
other biological systems including the subcortical release of dopamine (Grace, 1991), 
and reinforce that the selection of pupil baseline state (e.g., dark adapted versus light 
adapted) and stimulus parameters can have large impacts upon the mechanisms 
measured in the pupil light reflex.  Such considerations are discussed further in 
Section 2.5, and are assessed in Experiment 3.  Thus, the Experiments in this thesis 
will use aperiodic (pulsed) and periodic (sinusoidal) stimuli to measure different 
photoreceptor contributions to the pupil light reflex. 
Upon light offset the pupil redilates gradually, with the pupil diameter during 
the post-illumination pupil response dependent upon the level of melanopsin 
excitation, being driven by the sustained spiking of the intrinsic (melanopsin) ipRGC 
response (Dacey et al., 2005; Wong, 2012; Wong et al., 2007).  Short wavelength 
(blue) light with high melanopsin excitation produces a sustained PIPR due to greater 
ipRGC activation compared to equivalent irradiance long wavelength (red) light with 
low melanopsin excitation, as confirmed by measurement of the spectral sensitivity 
of the dark adapted PIPR (Adhikari et al., 2015; Feigl & Zele, 2014; Gamlin et al., 
2007).  The amplitude and time course of the PIPR therefore depends upon the 
intensity, duration, waveform and wavelength of the stimulus (Adhikari et al., 2015; 
Gooley et al., 2012; Markwell et al., 2010; McDougal & Gamlin, 2010; Park et al., 
2011), the dark adapted PIPR can persist for up to 83 s in response to a 1 s pulse and 
180 s in response to a 30 s pulse (465 nm narrowband stimuli, 14.8 log photons.cm
-
2
.s
-1
).  How the melanopsin contributions to PIPR amplitude changes under light 
adapted conditions is not well understood, and is investigated in Experiment 3. 
Metrics for assessing intrinsic ipRGC function are typically derived from the 
PIPR, and include the rate of redilation (Zele, Feigl, Smith, & Markwell, 2011), 
plateau (sustained) PIPR (McDougal & Gamlin, 2010; Zele et al., 2011), and 6 s 
PIPR (Park et al., 2011).  For the dark adapted pupil, assessing the PIPR in response 
to stimuli from 4 ms to 10 s durations determined that 1 s stimuli were optimal as 
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they generated the largest difference in PIPR amplitudes between long wavelength 
and short wavelength stimuli (Park et al., 2011).  A recent analysis of commonly 
used PIPR metrics concluded the plateau and 6 s metrics to be the most reliable, 
having the lowest intra-individual and inter-individual variation (Adhikari et al., 
2015).  In this thesis, under dark adapted conditions, pupil constriction is used as a 
measure of extrinsic+intrinsic pathway contributions to pupil control, while the PIPR 
is used as a measure of the intrinsic pathway. 
As discussed, the pupil light reflex is an objective, non-invasive measure of 
rod, cone and melanopsin inputs to the pupil control pathway.  However, there is still 
much to be learned about the optimisation of stimuli and metrics to extract 
information about underlying photoreceptor contributions to the pupil light reflex.  
Doing so will enhance the utility of the PLR as a diagnostic tool for the diagnosis 
and monitoring of inner and outer retinal disease.  Using appropriate stimulus 
selection, the experiments in this thesis will bias ipRGC activation to favour the 
extrinsic rod/cone pathway, or intrinsic melanopsin pathway to define their 
interactions.  However, ipRGCs themselves are not a homogenous class of cells but 
rather come in many subtypes, with substantial differences in location, morphology, 
electrophysiology and function. 
2.4 INTRINSICALLY PHOTOSENSITIVE RETINAL GANGLION CELLS 
In the late 90s and early 2000s, the characteristics of a new class of 
photoreceptor were discovered initially in mice (Berson et al., 2002; Provencio et al., 
2000) and then in Macaque and human retinae (Dacey et al., 2005).  These cells 
constitute approximately 1 – 3% of retinal ganglion cells in mice (Berson, 2003), 
some 3000 cells in humans and primates (Dacey et al., 2005; Dacey et al., 2006) and 
were termed intrinsically photosensitive Retinal Ganglion Cells (ipRGCs).  Located 
in the ganglion cell and inner nuclear layer primarily in the paracentral retina (Figure 
2.3) (for review see Markwell, Feigl, and Zele, 2010; Schmidt et al., 2011), these 
ipRGCs contain an intrinsic photopigment, melanopsin (Gooley, Lu, Chou, 
Scammell, & Saper, 2001; Hattar et al., 2002; Provencio, Rollag, & Castrucci, 2002; 
Sekaran, Foster, Lucas, & Hankins, 2003) first discovered in the frog dermis, eye and 
brain (Provencio, Jiang, De Grip, Hayes, & Rollag, 1998).  They receive extrinsic 
signals from rods and cones (Dacey et al., 2005; Wong, 2012; Wong et al., 2007), 
and thus ipRGCs can signal both intrinsically and extrinsically, with the intrinsic 
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signal tonically encoding environmental irradiance (Berson et al., 2002; Dacey et al., 
2005).  Melanopsin is a retinaldehyde-based photopigment (Lucas et al., 2003; Panda 
et al., 2005) which has the highest sensitivity to blue-appearing short wavelength 
light, (λmax 482 nm), as shown by spectral sensitivity experiments of their average 
intracellular voltage response in vitro (Dacey et al., 2005) and in vivo human PIPR 
amplitude (Adhikari et al., 2015; Gamlin et al., 2007; Markwell et al., 2010).  The 
intrinsic signal has sluggish kinetics compared with rod and cone signalling, taking 
~3 s to reach peak spike rate and displays a characteristic continued spiking after 
light offset (Dacey et al., 2005) unlike other retinal ganglion cells which cease 
spiking.  Developmentally, ipRGCs are the earliest class of photoreceptors to 
develop, being functional in mice at birth (Sekaran et al., 2005) unlike rods and 
cones which do not function until 10 days from birth.  In rodents, ipRGCs 
functionally innervate brain targets such as the SCN before rods and cones have 
developed (Sekaran et al., 2005; Weaver & Reppert, 1995) with continued 
innervation of the SCN postnatally (McNeill et al., 2011).  They may also be more 
resistant to disease and damage than classical retinal ganglion cells; with enhanced 
survival rates in response to optic nerve transection and excitotoxicity, in inherited 
optic neuropathies, and conflicting evidence in glaucoma (for review see Cui, Ren, 
Sollars, Pickard, and So, 2015). 
Five ipRGC subtypes have been discovered in rodents (M1-M5), defined based 
upon their morphology and axonal projections (Ecker et al., 2010), and project to 
over a dozen brain regions (Berson et al., 2002; Dacey et al., 2005; Do et al., 2009; 
Gooley et al., 2001; Hannibal et al., 2014; Hattar et al., 2006; Hattar et al., 2002; 
Provencio et al., 1998) with subsets projecting exclusively to the SCN, OPN, or both 
(Chen, Badea, & Hattar, 2011).  They are involved in diverse functions including 
image forming vision, circadian photoentrainment and alertness, and may contribute 
to mood, higher cognitive processing, and attention (for review see Schmidt, Chen, et 
al., 2011).  Selective ablation of ipRGCs in mice abolishes their irradiance responses 
(Gozet et al., 2008; Hatori et al., 2008) and in hamsters, a single ipRGC axon can 
innervate at least two distinct brain targets (Morin et al., 2003).  In primates and 
humans it is the OPN projecting ipRGCs which primarily drive the pupil light reflex 
(McDougal & Gamlin, 2008).  This is fundamentally different to pupil control in 
organisms including birds (Tu et al., 2004), amphibians (Barr & Alpern, 1963) and 
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many mammals, which have an iris that can be controlled by opsin and non-opsin 
photoreception independent of neuronal pupil control pathways (Xue et al., 2011).  
Dacey et al. (2005) have additionally found a population of ipRGCs in macaques that 
project to the lateral geniculate nucleus (LGN), a potential pathway for inputs to the 
primary visual cortex and image forming vision.  There is evidence that ipRGC 
mediated image forming vision is possible in transgenic mice engineered to lack rods 
and cones (LeGates et al., 2012); while qualitative changes in perception (potentially 
mediated by ipRGC photoreception) has been observed in outer retinally degenerate 
humans using an alternative forced choice paradigm (Vandewalle et al., 2013) and in 
participants with normal vision using silent substitution (Brown et al., 2012; Cao, 
Nicandro, & Barrionuevo, 2015). 
2.4.1 Evolution and function and evolution of the melanopsin chromophore 
The photopigments in vertebrate species are a vitamin A-based opsin (Brown 
& Wald, 1964; Wald, 1953; Wald, 1955).  In humans, light transduction is enabled 
by the capture of a photon of light by 11-cis-retinaldehyde (A1) which is 
photoisomerised into its all-trans conformation (Peirson, Halford, & Foster, 2009; 
Wald, 1955).  When this conformational change of the photopigment interacts with 
transducin, a G-coupled protein, a phototransduction cascade occurs which alters 
membrane potential (Hargrave & McDowell, 1992; Lamb, 2009; Shichida & 
Matsuyama, 2009).  Vitamin A photopigments are characterised by their bell-shaped 
absorption spectrums, which have the same form but vary in peak sensitivity across 
the light spectrum (Dartnall, 1953).  The visual opsins for cones and rods (Opn1 and 
Opn2 genes respectively) are relatively highly related, displaying 40-50% amino acid 
identity to one-another (Peirson et al., 2009).  Melanopsin (Opn4 gene) on the other 
hand is more distantly related, with only 27% identity with rod and cone 
photoreceptors (Peirson et al., 2009).  Unlike rod and cone phototransduction, 
melanopsin-mediated phototransduction is characterised by depolarizing responses to 
photon capture, as well as bistability (Mure et al., 2009; Mure, Rieux, Hattar, & 
Cooper, 2007) or tristability (Emanuel & Do, 2015) of the chromophore.  Bi- or 
tristability may confer ipRGCs with the ability to autonomously regenerate their 
photopigment and signal continuously, despite their distance from the retinal pigment 
epithelium (RPE) (Fu, Liao, Do, & Yau, 2005).  This is in contrast to rod and cone 
photopigments that have a single stable state and rely upon regeneration by the 
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retinoid cycle in the RPE (Lamb & Pugh, 2004).  The signalling cascade induced by 
melanopsin is in many respects similar to that observed in invertebrate rhabdomeric 
opsins (r-opsins) (Arendt, 2003; Peirson et al., 2009) and may suggest an 
evolutionarily more ancient mechanism.  Given its blue light sensitivity, melanopsin 
may have evolved due to the increased ocean-penetrance by short wavelength light 
(Gehring & Rosbash, 2003).  Moreover, the peak sensitivity of melanopsin also 
closely matches the range of dominant wavelengths (450 – 480 nm) in the sky during 
daylight hours (Asakawa & Ishikawa, 2015). 
2.4.2 IpRGC subtypes 
Initial studies detected the ‘giant’ M1 ipRGC subtype (Berson et al., 2002), 
which is notable for its large dendritic size (~313.6 ± 17.3 µm, Schmidt and Kofuji 
(2009)) and branching dendritic tree, compared with classic retinal ganglion cells 
including midget and parasol cells (~10 µm and ~35 µm respectively, measured 
parafoveally) (Dacey et al., 2005; Dacey & Petersen, 1992).  Since then five subtypes 
M1 – M5 have been identified in transgenic mice (Figure 2.3), classified upon size, 
morphology, location, and photosensitivity (for review see Do and Yau, 2010;  Feigl 
and Zele, 2014; Schmidt, Chen, et al., 2011;  Schmidt, Do, et al., 2011).  Only the 
M1 and M2 subtypes have been confirmed in humans and non-human primates at 
this time (Dacey et al., 2005; Dacey et al., 2006).  All subtypes receive synaptic input 
(extrinsic pathway) (Wong et al., 2007) and all are intrinsically photosensitive, their 
processes and bodies expressing melanopsin up to the optic disk (Hattar et al., 2002).  
Their low conduction velocities in the optic nerve (Cahill & Menaker, 1989) indicate 
that, unlike other RGCs, their axons are likely unmyelinated (Do & Yau, 2010).  M1 
– M3 cells can be detected immunocytochemically using melanopsin anti-bodies, 
while due to presumed lower melanopsin expression M4 and M5 subtypes are often 
visualised indirectly (Do & Yau, 2010; Schmidt, Chen, et al., 2011; Tu et al., 2005). 
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Figure 2.3.  Retinal location of ipRGC subtypes, their retinal inputs and predominant brain 
targets.  IpRGC bodies are located in the ganglion cell layer (although some M1 have been detected 
in the inner nuclear layer, not shown), and all subtypes synapse with rod/cone bipolar and amacrine 
cells in the inner plexiform layer (only dopamine amacrine cells (DAC) are shown).  M1 ipRGCs 
stratify in the OFF sublamina, M3 in both the OFF and ON sublaminae, and M2 and M5 in the ON 
sublamina.  Blue dots indicate either functional or anatomical evidence is available of synaptic 
contact, while red dots indicate both functional and anatomical evidenced is available.  Known brain 
targets vary depending on ipRGC subtype, and include the suprachiasmatic nucleus (SCN), core or 
shell of the olivary pretectal nucleus (OPN), dorsal lateral geniculate nucleus (dLGN), and superior 
colliculus (SC).  For further details see Schmidt, Chen, et al. (2011). Reproduced with permission.  
Synaptic inputs to ipRGCs are received from rod and cone cells via rod and 
cone bipolar intermediaries in the inner plexiform layer (Schmidt, Chen, et al., 2011), 
via excitatory (glutamate) and inhibitory (GABA and glycine) neurotransmitters 
(Perez-Leon, Warren, Allen, Robinson, & Brown, 2006; Wong et al., 2007).  Rod 
and cone photoreception constitute the extrinsic pathway and endogenous 
melanopsin photoreception the intrinsic pathway.  In mice, all subtypes receive rod 
inputs via intermediaries (Zhao, Stafford, Godin, King, & Wong, 2014), although a 
study in rats found that only 20% of rat ipRGCs received extrinsic input and only a 
further 25% of these exhibited extrinsically mediated photic responses (Perez-Leon 
et al., 2006).  Methodological limitations including photoreceptor bleaching have 
been offered as explanations for this finding (Perez-Leon et al., 2006; Wong et al., 
2007) although studies using rodent eyecups (with methodology unlikely to bleach 
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the retina) found a low ~20% of ipRGCs demonstrated extrinsic responses (Dunn & 
Berson, 2002).  Conversely, in primates ipRGCs appear to receive robust synaptic 
input (Dacey et al., 2005).  
The M1 subtype is located predominantly in the Ganglion Cell Layer although 
some have been detected displaced in the Inner Nuclear Layer (Dacey et al., 2005; 
Hattar et al., 2002).  In rodents their soma is ~16 µm in diameter (Hattar et al., 2002) 
and in primates they are the largest RGCs identified:  They increase in size with 
retinal eccentricity (dendritic diameter ~450 µm at 2 mm from the fovea increasing 
to ~1000 µm at 12 mm from the fovea) while decreasing in density (~21 cells.mm
-2
 
at 2 mm from the fovea reducing to ~5 cells.mm
-2
 at 12 mm from the fovea) (Dacey 
et al., 2005).  They have the highest melanopsin density and the entire ipRGC body 
(soma+dendrite) has ~10× the surface area of the soma only (Do et al., 2009).  
Compared with M2 and M3 cells, M1 cells have larger responses and are a log unit 
more sensitive to light (Schmidt & Kofuji, 2009, 2011), with high input resistance as 
well as lower frequency firing (Schmidt, Chen, et al., 2011).  They receive input 
from OFF bipolar cells (that signal light decrements) which synapse with M1s in the 
outer sublamina of the inner plexiform layer, and receive weak input from ON 
bipolar cells (that signal light increments).  In mice, M1 subtypes which express the 
transcription factor Brn3b (Brn3b+) project to the shell of the OPN, while those that 
do not (Brn3b-, ~10% of the ipRGC population) project predominantly to the SCN 
(Chen et al., 2011).  The M1 ipRGCs form an interconnected plexus covering the 
entire retina (Provencio et al., 2002); the functional significance of this net is not 
understood.  The M2 subtype has faster spiking than M1 (38 Hz compared to 11 Hz) 
but 10-fold reduced photosensitivity (Schmidt & Kofuji, 2009).  Unlike the M1 
subtype, M2 processes straddle the inner (ON) sublamina of the IPL along with the 
M2 – M5 subtypes, suggesting different functional roles.  Subtypes M2, M4 and M5 
project to the dorsal LGN and superior colliculus (regions involved with image 
forming vision), and OPN core (functionality unknown) (Schmidt, Chen, et al., 
2011).  The M3 subtype stratifies both the ON and OFF sublamina of the inner 
plexiform layer; its efferent target(s) in the brain are unknown (Schmidt, Chen, et al., 
2011).  Subtypes M2 – M5 demonstrate centre surround antagonism of their 
receptive fields, suggesting a role in pattern vision (Zhao et al., 2014).  They respond 
to stimulus movement and detect spatial differences in stimulus intensity (Estevez et 
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al., 2012; Zhao et al., 2014).  M4 cells are differentiated by their large somata, and 
dendritic arbours which are branching and radiate more than in M1 – M3 subtypes 
(Estevez et al., 2012).  Because of its weak expression in M4 ipRGCs, melanopsin 
can only be detected immunohistochemically under strong amplification (Estevez et 
al., 2012).  They are located distally from M2 ipRGCs and possess a large ON centre 
OFF surround receptive field arrangement with non-linear spatial summation, which 
is not direction sensitive.  Like M2 cells, M4 ipRGCs stratify only in the ON 
sublamina of the IPL (Ecker et al., 2010; Estevez et al., 2012). 
There are challenges in drawing conclusions about the function of ipRGCs in 
humans and their contributions to the pupil light reflex based upon discoveries in 
animal models.  To date, only the M1 and M2 subtype have been confirmed to exist 
in humans (Dacey et al., 2005; Dacey et al., 2006), while subtypes M1 through M5 
have been identified in mice (Ecker et al., 2010; Estevez et al., 2012; Schmidt & 
Kofuji, 2011; Weng, Estevez, & Berson, 2013) and rats (Esquiva, Lax, & Cuenca, 
2013; Estevez et al., 2012; Hattar et al., 2002; Østergaard, Hannibal, & Fahrenkrug, 
2007; Reifler et al., 2015).  Amongst the common subtypes there are differences in 
signalling properties between species, with spontaneous ipRGC firing in rats reduced 
compared with in mice (Reifler et al., 2015).  Also, extrinsic M1 signalling is much 
more transient in rats than in mice, suggesting that the extrinsic rod pathway 
projecting to the OPN and SCN in rats is weaker than that of the mouse or primate 
rod pathways (Reifler et al., 2015).  Rodent cone photoreceptors also co-express both 
short and medium wavelength opsins, unlike the single opsin expressed in each 
human cone (Applebury et al., 2000; Nikonov, Kholodenko, Lem, & Pugh, 2006). 
Additionally, the physiological substrates of the pupil light reflex differ in 
primates compared with animal models.  In mice, BRn3b negative M1 ipRGCs 
directly innervate the ciliary marginal zone, and these retino-ciliary projections 
remain intact when the optic nerve is severed, likely relaxing the iris dilator muscle 
during the intrinsic pupil light reflex (Semo, Gias, Ahmado, & Vugler, 2014).  In 
mice the iPLR is also driven by melanopsin inputs to the sphincter pupillae muscle 
(Xue et al., 2011).  In primates and humans the iPLR is likely not present, due to the 
elaborate pupil control pathway via pretectal projections (McDougal & Gamlin, 
2015; McDougal & Gamlin, 2008).  Therefore, studies investigating ipRGC 
electrophysiology in animal models may not generalise to humans.  There is also a 
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report of peripheral human cone photoreceptors (identified immunohistochemically) 
that express the melanopsin photopigment in their outer segment (Dkhissi-Benyahya, 
Rieux, Hut, & Cooper, 2006).  However, the functional contributions of this 
photoreceptor have not been shown. 
As discussed in Sections 2.2 to 2.4, human pupil control is the outcome of 
complex processing at the retinal and cortical levels.  The pupil is controlled by the 
OPN shell, an efferent target of the M1 subtype, while subtypes M2, M4 and M5 
project to its core with undetermined functionality.  These subtypes all demonstrate 
extrinsic ON excitatory bipolar cell inputs and inhibitory amacrine-cell inputs, as 
well as differences in their temporal and spatial frequency tuning characteristics 
(Zhao et al., 2014).  The pupil is not then simply regulated by a homogenous group 
of ipRGCs.  Rather (at least in rodents, and likely humans), it is the complex sum of 
the multiple extrinsic and intrinsic signals of at least four ipRGC subtypes, which 
vary in their temporal and spatial tuning properties.  In the following sections the 
temporal, spatial and adaptation properties of ipRGCs will be discussed, culminating 
in their implications for human pupil control and thus the rationale (Section 2.5) and 
hypotheses (Section 2.6) for the experimental chapters. 
2.4.3 Temporal properties of extrinsic and intrinsic ipRGC signalling 
The ipRGC axon forms a physiological substrate shared by the extrinsic 
rod/cone and intrinsic melanopsin signals, which in combination has been shown to 
encode at least a 9 log unit range of illumination spanning scotopic to photopic light 
levels (Dacey et al., 2005; Wong, 2012).  Temporal properties of ipRGC signalling 
vary based upon the origin of the phototransduction (rod, cone, or melanopsin), and 
stimulus irradiance, waveform, duration and spectrum (Dacey et al., 2005; Schmidt 
& Kofuji, 2010; Wong et al., 2005; Wong et al., 2007). 
In general, intrinsic responses are characterised by their slower time to peak 
than extrinsic rod/cone signals and sustained signalling after stimulus offset, and 
studies have identified ipRGCs to encode some 4 – 6 log unit range of bright light 
(mesopic to photopic light levels) depending upon methodology (Dacey et al., 2005; 
Wong, 2012; Zhao et al., 2014).  IpRGCs can signal single photon capture to the 
brain, their single photon response is larger than that of rods as they operate near 
threshold in darkness, and a several fold increase in spike rate is seen in response to a 
~1 mV depolarisation from single photon capture (Do et al., 2009).  However they 
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have low photon capture likelihood, due in part to their low melanopsin expression 
per unit area (probabilistic catch 10
6
 × lower than rods) (Do et al., 2009).  Their slow 
response kinetics provide long temporal integration (Do et al., 2009).   
The melanopsin threshold for spiking begins in the mesopic light range at 10 
log photons.cm
-2
.s
-1 
(480 nm narrowband stimulus, 10 h exposure) (Wong, 2012), 
with decreasing stimulus duration the threshold increases, being ~11 log photons.cm
-
2
.s
-1
 for 60 s of stimulation (Dacey et al., 2005; Tu et al., 2005) and ~12 log 
photons.cm
-2
.s
-1
 for 10 s of stimulation (Wong, 2012)).  The reason for this 
discrepancy is the long integration time of the intrinsic photoresponse, which takes 
more than an hour to reach peak spike rate under ~10.6 log photons.cm
-2
.s
-1
 and 25 
minutes to reach peak spiking with ~12.8 log photons.cm
-2
.s
-1
 irradiance light 
(Wong, 2012).  As shown in Figure 2.4, the endogenous spikes increase linearly in 
number with stimulus log irradiance (Dacey et al., 2005; Wong, 2012), confirming 
the function of the intrinsic pathway as a photon counter for circadian purposes 
(Panda et al., 2002), which can signal continuously for at least 10 hours (Wong, 
2012). 
 
Figure 2.4.  Relationship between stimulus irradiance and M1 number of spikes.  Data were 
calculated from 7 narrowband (λmax range 470 to 611 nm) 10 s stimuli weighted by the probability of 
photon catch of the melanopsin nomogram (482 nm peak).  Figure is from Dacey et al. (2005), 
reproduced with permission.  
Extrinsic signals are transient near threshold (reflecting the ON and OFF 
components of the stimulus) but become tonic with increasing irradiance (Wong et 
al., 2007), and the extrinsic pathway is capable of sustained signalling of at least 20 
minutes (Wong, 2012), encoding dimmer light compared with the intrinsic pathway.  
When dark adapted the in vitro M1 ipRGCs demonstrate extrinsic rod signalling 
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(spectral peak at 502 nm) with long latency (~150 ms) and high sensitivity (550 nm, 
6-7 log photons.cm
-2
.s
-1
) (Dacey et al., 2005).  Under photopic conditions, cone 
signalling was observed with short ~30 – 40 ms latency (550 nm, 13.5 log 
photons.cm
-2
.s
-1
) (Dacey et al., 2005).  During pharmacological blockade of 
glutamatergic transmission to eliminate rod and cone contributions, the intrinsic light 
response is slow with a ~10 s latency to spiking (10 s 550 nm stimulus, 13.5 log 
photons.cm
-2
.s
-1
) however this latency reduces with increasing irradiance (Dacey et 
al., 2005).  Using 10 s 470 nm light (14.35 log photons.cm
-2
.s
-1
) closer to the 
maximum sensitivity of melanopsin (482 nm), peak signalling (40 impulses.s
-1
) 
occurs at ~3 s and continues for 30 s after light offset (Dacey et al., 2005). 
The electrophysiological evidence demonstrates that ipRGCs have temporal 
properties that are fundamentally different to those of classical retinal ganglion cells.  
All subtypes are characterised by intrinsic signals with sluggish kinetics that are 
orders of magnitude slower than rod and cone inputs, and persist after light offset.  
Moreover, the extrinsic rod and cone inputs to ipRGCs are fundamentally different 
from those of RGCs, being tonic with the ability to signal for long durations.  How 
the disparate temporal properties of the extrinsic and intrinsic pathways interact to 
regulate pupil diameter is considered in Section 2.5. 
2.4.4 Adaptation properties of extrinsic and intrinsic pathways 
The visual system has two main roles both afforded by light detection: image 
forming vision (i.e., visual perception) and non-image forming vision (e.g., pupil 
control and circadian photoentrainment).  Image forming vision relies upon rods and 
cones with high spatial and temporal acuity relative to ipRGCs, to maximise visual 
sensitivity which is mediated by at least two types of adaptation: light and contrast 
adaptation (Webster & Mollon, 1995).  Light adaptation adjusts visual sensitivity to 
the mean stimulus colour and luminance (Stiles, 1959), while contrast adaptation 
enhances sensitivity to changes around the mean colour and luminance (Krauskopf, 
Williams, & Heeley, 1982; Webster & Mollon, 1991).  Together these processes 
allow precise detection of the visual scene and confer constancy to visual percepts 
despite changes in the environment over some 10 log unit range (Luo, Kefalov, & 
Yau, 2008; MacLeod, 1978; Shapley & Enroth-Cugell, 1984; Webster & Mollon, 
1995). 
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Rods and cones can each signal over an approximate three log unit range above 
threshold in response to a novel stimulus, after which more intense stimuli do not 
elicit a larger response (Wong et al., 2005).  Allowing the rods and cones to light 
adapt to the same stimulus however reduces their sensitivity and extends their 
dynamic range, and further intensity increments can be signalled (Wong et al., 2005).  
Because rod and cone mediated vision utilises a contrast metric, prior to the 
discovery of ipRGCs the light adaptation pathway for image forming purposes was 
undetermined.  It is likely that ipRGCs play an important role in image forming 
vision, their photon-counting nature (Dacey et al., 2005) setting visual circuits to 
maximise sensitivity, analogous to a photographer’s light meter (Allen et al., 2014).  
Adaptation of ipRGCs themselves could potentially extend their dynamic range, at 
the expense of rendering their photon counting less accurate.  How this might 
influence the pupil control pathway is unknown. 
The extrinsic ipRGC pathway is resistant to adaptation due to light exposure 
(Dacey et al., 2005; Wong, 2012; Wong et al., 2007).  In rats, the synaptic (extrinsic) 
pathway of conventional RGCs adapts quickly to 15 s of light exposure, returning to 
baseline within 6 s of exposure (Wong et al., 2005).  Synaptic inputs to ipRGCs 
however can continue long after the 15 s light offset, with duration increasing with 
stimulus irradiance (Wong et al., 2007).  Sustained extrinsic responses have also 
been observed in primate ipRGCs (Dacey et al., 2005) and cat (presumed) ipRGCs 
(Pu, 2000).  Extrinsic signalling has been measured in transgenic mouse ipRGCs 
lacking melanopsin for up to 20 minutes in response to 20 minutes of 12.8 log 
photons.cm
-2
.s
-1 
light (Wong, 2012):  Signalling is observed to quickly peak within 
the first 10 s time bin before relaxing by the 6
th
 10 s time bin and then gradually 
increased over the next ~10 minutes before plateauing until stimulus offset.  It is 
suggested that rods may facilitate signalling for up to 10 hours in animals with 
melanopsin (using stimuli ~3 log units below melanopsin threshold, however this has 
not been confirmed with transgenic animals which do not express melanopsin) 
(Wong, 2012).  How ipRGCs sustain such tonic synaptic signalling is unknown.  
Wong et al. (2007) suggest possibilities including specialised tonic bipolar inputs, 
reduced amacrine inhibition, or augmentation by the intrinsic photoresponse 
cancelling out extrinsic adaptation.  Tonic extrinsic signalling may facilitate 
circadian photoentrainment, in mice, the extrinsic pathway contributes to circadian 
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phase setting through rods (Altimus et al., 2010), and blue-yellow colour opponent 
mechanisms have been detected in the SCN (Walmsley et al., 2015). 
The intrinsic pathway can sustain signalling for at least 10 hours (Wong, 2012), 
such sustained signalling may set gain levels within the visual system for the 
optimisation of visual circuits given environmental irradiance conditions via 
dopaminergic ipRGC feedback to amacrine cells (Allen et al., 2014; Zhang et al., 
2008).  In response to long duration light from 10 s (Dacey et al., 2005) to 10 hours 
(Wong, 2012), signalling will reach a transient peak before plateauing, indicative of 
adaptation, but more slowly than the extrinsic pathway at ~3 s (Dacey et al., 2005) to 
~10 s (Wong, 2012).  The rate at which the peak is reached increases with increasing 
intensity (Dacey et al., 2005; Do & Yau, 2013; Wong, 2012).  Similarities between 
rod/cone and ipRGC adaptation have been observed electrophysiologically:  Do et al. 
(2009) determined that M1 ipRGCs follow the Michaelis-Menten equation in their 
flash-intensity response, like rods and cones (Luo et al., 2008).  The M1 receptor 
current (steady state signalling to a given light step) of ipRGCs adapts and obeys the 
Weber-Fechner law, similar to that observed in rod and cone (Do & Yau, 2013; Luo 
et al., 2008) inputs to the magnocellular pathway (Smith, Pokorny, Lee, & Dacey, 
2008).  This is despite the differences in phototransduction cascades (Do & Yau, 
2013), rods/cones having a cGMP-mediated pathway (Luo et al., 2008) and ipRGCs 
having a phospholipase-C-mediated pathway (Xue et al., 2011). 
In neo-natal mouse ipRGCs (in which rod and cone pathways are not 
established, which therefore might not be indicative of mature ipRGC functioning), 
adaptation of the intrinsic photoresponse to < 110% of baseline occurs after an hour 
of 480 nm light exposure (Sexton, Golczak, Palczewski, & Van Gelder, 2012).  Rat 
ipRGCs in response to 10 h of light across a range of irradiances (7.6, 10.6 and 12.8 
log photons.cm
-2
.s
-1
) increase in firing within 2 s of stimulus onset, rapidly reaching 
peak firing rate before decaying (durations not stated) to an elevated plateau state 
that is maintained until offset (Wong, 2012).  After stimulus offset spike rate returns 
to baseline in an irradiance dependent manner, requiring ~10 s, several minutes, and 
~≥1 hour for 7.6, 10.6, and 12.8 log photons.cm-2.s-1 stimuli respectively. 
Taken together, this research indicates that rapid adaptation takes place 
extrinsically followed by slower intrinsic adaptation, then invariant long duration 
melanopsin signalling.  How this adaptation at the receptor-current stage is encoded 
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by signals propagated along ipRGC axons to downstream elements is unknown.  
Evidence from the SCN shows that transient ON and OFF responses are reduced by 
prior light exposure, while sluggish sustained signalling is not affected by prior light 
exposure (Drouyer, Rieux, Hut, & Cooper, 2007), suggesting that intrinsic inputs to 
the circadian system are relatively invariant.  Whether the SCN and OPN-mediated 
pupil control share similar adaptation properties is yet to be determined.  It is 
additionally unknown whether the adaptation properties of all ipRGC subtypes are 
similar, and how these potential differences interact to modulate pupil dimeter.  The 
adaptation properties of the pupil light reflex are discussed further in Section 2.5. 
2.4.5 Spatial arrangement and signalling properties of extrinsic and intrinsic 
ipRGC pathways 
Given that the spatial extent of extrinsically driven light responses is similar to 
that of the intrinsic light response, it is likely that synaptic transmission occurs over 
the entire ipRGC dendritic field (Wong et al., 2007).  In macaques, M1 ipRGCs are 
absent in the fovea (Figure 2.5 right panel), encircling it and peaking parafoveally 
(~7.7°) then decreasing in number in an exponential fashion to plateau at 
~26.7°(Dacey et al., 2005).  Conversely their dendritic field size linearly increases 
(Figure 2.5 left panel)  threefold between ~0.25° and ~33.3°, at a ~4× higher rate 
than conventional midget and parasol retinal ganglion cells (Dacey et al., 2005).  
Similar trends have been observed in humans (La Morgia et al., 2010; Liao et al., 
2016), with recent research showing that on average, each point on the retina is 
sampled by four ipRGCs (Liao et al., 2016).  In mice, M1, M2 and M4 subtypes 
display increasing dendritic length with increasing somata size (M1 soma 13.9 µm 
dendritic length 1605 µm, M2 soma 15.7 µm dendritic length 2957 µm, M4 soma 
21.0 µm dendritic length 4751 µm), as well as multiple crossings peaking at ~100 
µm from soma centre (Estevez et al., 2012). 
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Figure 2.5.  Eccentric changes in M1 subtype size and dendritic field diameter.  Left: Dendritic 
field size of M1 cells versus eccentricity (inner cells, filled circles, outer cells, open circles) in 
comparison to parasol (filled diamonds) and midget cells (open diamonds).  Right panel: Average 
density of M1 cells versus eccentricity.  Figure is from Dacey et al. (2005), reproduced with 
permission.  
M1 ipRGCs demonstrate cone mediated receptive fields which have a unique 
colour opponent (L+M)-ON S-OFF arrangement (Dacey et al., 2005).  These cones 
are spatially co-extensive and approximate the dendritic field size (Dacey et al., 
2005), but do not demonstrate an inhibitory surround mechanism (Dacey et al., 2005; 
Procyk et al., 2015).  Similarly, cat neurons (likely to be ipRGCs) projecting to the 
SCN, a major target of M1 ipRGCs, only exhibited ON centre receptive fields (Pu, 
2000).  Other subtypes (M2 – M5) possess centre-surround receptive fields (Zhao et 
al., 2014).  The M4 subtype in mice possess concentrically arranged centre-ON 
surround-OFF receptive fields (not spectrally opponent), with the field centre 
subtending ~10 – 16° of visual angle (Estevez et al., 2012).  In outer retinally 
degenerate mice, Procyk et al. (2015) determined ipRGCs (subtype not specified) to 
have receptive field sizes from 15 – 25° of visual angle, sampled from across the 
retina.  One fifth (6/31) of the cells recorded from indicated receptive fields sizes 
more than double that predicted of the largest ipRGCs. 
One explanation of these large receptive fields may be the propagation of 
signals via gap junctions to RGCs (Müller, Do, Yau, He, & Baldridge, 2010), using 
amacrine intermediaries displaced in the ganglion cell layer (Schmidt, Taniguchi, & 
Kofuji, 2008; Sekaran et al., 2003).  This may create a localised spatial network of 
enhanced excitability, a lateral plexus (Hankins, Peirson, & Foster, 2008; Provencio 
et al., 2002; Sekaran et al., 2003).  Blockage of gap junctions via application of 
carbenoxolone allows the differentiation of three classes of photoreceptive ganglion 
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cell layer photoreceptors using fluorescent imaging; based upon transient, sustained, 
or repetitive Ca
2+
 influx (Sekaran et al., 2003).  This indicates this photoreceptive net 
spanning the retina is heterogeneous, potentially reflecting different subtypes of 
ipRGCs and/or temporal signalling characteristics.  How ipRGC size, density, and 
interconnectedness interplay in terms of photon capture and signal propagation to 
control downstream elements in the pupil control pathway is unknown, and is the 
focus of experiments in Chapter 5. 
2.5 RATIONALE - TEMPORAL, SPATIAL AND ADAPTATION 
PROPERTIES OF THE PUPIL LIGHT REFLEX 
At its most simple, the pupil pathway acts as a biological servomechanism 
(Stark, 1962; Stark & Baker, 1959; Stark & Sherman, 1957), a feedback loop that 
maintains a desired pupil diameter in order to optimise retinal illuminance based 
upon environmental irradiance inputs to the system.  Pupillary oscillations can be 
viewed as a malfunction of the servomechanism as it deviates from its optimum 
state.  Such oscillations may be due to external factors, such as changes in stimulus, 
or internal factors, such as noise or gain mechanisms (including normal and 
abnormal functionality).  The amplitude and frequency of these oscillations are 
controlled by the sympathetic and parasympathetic balance of the autonomic system 
at any given moment, and reflect the bottom-up pupil control pathway, as well as 
top-down influences such as arousal (Bradley et al., 2008) driven by any of the sense 
organs (Schweitzer, 1956).  It is largely the summed temporal, spatial, and adaptation 
properties of inner and outer retinal photoreceptors (and their efferent processing) 
that determines the state of the servomechanism (i.e., pupil diameter).  Historically, 
rod and cone inputs to this servo mechanism have been investigated, but melanopsin 
contributions have not. 
In some respects, the pupil pathway parallels that of image forming vision.  For 
example, the human pupil constriction has a critical duration (the time over which 
photic energy is integrated) to a criterion pupil response of 70 ms near scotopic 
threshold, similar to that of image-forming visual processes (Webster, 1969), and 
threshold intensities for visual and pupil thresholds are similar (Alpern et al., 1963; 
Stewart & Young, 1989) with changes in flash duration (0.05 – 0.4 s) having the 
same influence upon pupil threshold as they do upon visual threshold (Schweitzer, 
1956).  Both pupillometric and visual thresholds decrease with increasing area 
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(Alexandridis, 1970), although pupil thresholds are reduced in sensitivity.  This 
suggests that image and non-image forming vision have similar temporal and spatial 
processing properties at sites efferent to the retina which can be measured in the 
dynamics of the pupil light reflex.  However, such studies have focussed on the pupil 
constriction amplitude, using stimuli that were not optimised to elicit intrinsic 
melanopsin signalling.  These studies largely demonstrate the extrinsic ipRGC 
pathway properties, which are rod and cone driven as is the image forming pathway.  
The intrinsic melanopsin ipRGC pathway has distinct temporal (Section 2.4.3), 
spatial (Section 2.4.5) and adaptation properties (Section 2.4.4) compared to outer-
retina mediated image forming vision, and whether intrinsic ipRGC driven pupil 
correlates parallel image forming visual response is largely unknown. 
For an efferent system such as the OPN that receives input from ipRGCs, there 
will be a fundamental dichotomy between signals that originate in the outer retina 
(rods and cones) and those that originate in the inner retina (melanopsin).  This is 
further complicated by the differences in signalling between subtypes, with the OPN 
receiving multiplexed photic information from the M1, M2, M4 and M5 subtypes at 
a minimum.  The state of the pupil servomechanism is therefore determined by the 
summed response of the varying temporal and spatial properties of the information 
encoded via these ipRGC subtypes.  Measuring the pupil light reflex in response to 
appropriately selected stimuli, the extrinsic and intrinsic inputs to the pupil control 
pathway can be determined.  With appropriately chosen stimuli, melanopic 
contributions to both the pupil constriction amplitude and post-illumination pupil 
response can be maximised or minimised. 
Experiments 1A and 1B (Chapter 4) assess the temporal properties of ipRGCs 
and their relation to pupil control.  Extrinsic and intrinsic pathway temporal 
integration has been demonstrated electrophysiologically, but the intrinsic ipRGC 
mediated pupil correlates of temporal integration have not been characterised.  Baker 
(1963) in a study of non-linearities of the human pupil response presented observers 
with two 10 ms stimuli (2-pulse paradigm), separated by an inter-stimulus interval 
which he varied.  By measuring the pupil constriction amplitude Baker determined 
that the summed pupil response is nonlinear, with response magnitude peaking at 
~600 ms (DF1,DF2, Figure 2.6).  Whether such an observation holds using stimuli 
optimised for melanopsin excitation has not been assessed, although evidence from 
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an individual lacking rod and cone function due to retinitis pigmentosa suggests that 
melanopsin-mediated pupil constriction may be able to integrate over several 
seconds (Gooley et al., 2012).  Similarly, the summation properties of the PIPR, 
which reflects the temporally slower intrinsic pathway, have not been measured.  
Experiment 1A determines the differences in the temporal integration of the two 
aspects ipRGC pathways using 2-pulse stimuli, and whether the intrinsic pathway 
demonstrates complete temporal integration over the durations tested. 
 
Figure 2.6.  Baker’s 2-pulse paradigm schematic.  Constriction response DF1 and DF2 sum to 
generate constriction response DF1,DF2.  By altering the inter-stimulus intervals between two pulsed 
stimuli, the summation properties of the pupil servomechanism’s constriction response amplitude and 
timing can be determined.  Figure is from Baker (1963), reproduced with permission.  
Experiment 1B explores the pupil response to phasic (flickering sinusoidal) 
stimuli.  The pupil can modulate in response to flickering stimuli up to ~2-4 Hz 
(Gooley et al., 2012; Joyce et al., 2015; Stark & Sherman, 1957; Varjú, 1964; 
Webster & Heller, 1968), after which the oscillations approach a steady state 
response, before trending to redilate towards baseline again as frequency further 
increases (Troelstra, 1968; Varjú, 1964; Webster & Heller, 1968).  The critical 
flicker frequency for the pupil is therefore orders of magnitude lower than the ~50 to 
~60 Hz for photopic image forming vision (De Lange, 1952; Kelly, 1964, 1974), 
likely a reflection of mechanical constraints of the pupil musculature (Loewenfeld, 
1993).  Under light adapted mesopic and low photopic conditions extrinsic rod and 
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cone contributions dominate the phasic pupil response, with increasing melanopsin 
inputs with increasing light level (Barrionuevo et al., 2014), but this has not been 
assessed for the dark adapted pupil.  The intrinsic melanopsin pathway acts as a 
photon counter, demonstrating a linear response to increasing pulsed stimuli log 
irradiance (Figure 2.4) (Dacey et al., 2005).  On the one hand this pathway has high 
accuracy in photon counting for circadian photoentrainment, but on the other hand 
sluggish temporal kinetics with long integration times (Dacey et al., 2005).  As 
sinusoidal stimuli equivalent in amplitude for any given frequency always entail the 
same total number of photons (and thus have the same time average irradiance), 
Experiment 1B determines whether melanopsin inputs to the pupil control pathway 
have sufficient temporal resolution to be sensitive to changes in temporal frequency, 
as is known to mediate image forming thresholds (Hecht & Verrijp, 1933; Kelly, 
1964, 1974; Lee, Sun, & Zucchini, 2007).  Whether the intrinsically mediated PIPR 
is sensitive to the frequency of flickering stimuli or its time average irradiance will 
be determined.  Phasic pupil modulation is mediated by both the extrinsic and 
intrinsic ipRGC pathways (Barrionuevo et al., 2014); by altering the photoreceptor 
bias of flickering stimuli to increase or decrease melanopsin contributions, their 
interactions will be observed in the phasic pupil response. 
The spatial properties of ipRGCs at any retinal eccentricity will be determined 
by the varying receptive field sizes, lateral connections, supra-receptive field 
responses, and ipRGC mediated retinal feedback loops (see Section 2.4.5), but how 
this affects the pupil is unknown.  The systems level (pupillary) correlates of these 
cellular level spatial interactions are not yet understood.  Traditionally, the majority 
of pupillometry studies have targeted stimuli to the central region of the visual field 
or have used full field stimulation, and until recently were not optimised to study 
ipRGC function.  Few multifocal (e.g., Carle, James, Kolic, Essex, & Maddess, 
2015; Sabeti, Maddess, Essex, & James, 2011), perimetric (e.g., Hong, Narkiewicz, 
& Kardon, 2001; Kardon et al., 1991; Skorkovská, Wilhelm, Lüdtke, Wilhelm, & 
Kurtenbach, 2014) or regional (annular) (Ortube et al., 2013) pupil paradigms have 
been created to assess pupil responses across the visual field.  These studies however 
were not optimised to study melanopsin inputs, using stimuli which varied in size 
across the visual field (Carle et al., 2015; Ortube et al., 2013; Sabeti et al., 2015), or 
stimuli that were either broadband or not short wavelength (Hong et al., 2001; 
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Kardon et al., 1991; Ortube et al., 2013; Skorkovská et al., 2014).  These studies then 
did not isolate the intrinsic melanopsin pathway.  Further, none of these assessed 
PIPR amplitude, the pupil measure of the intrinsic melanopsin pathway.  
Investigation using stimuli optimised to study ipRGC function have determined that 
PIPR amplitudes are similar in each hemisphere (Lei, Goltz, Chandrakumar, & 
Wong, 2015), but only a single study in humans has measured the spatial signalling 
properties of the PIPR in the central retina, and determined that a corneal flux density 
applied, such that PIPR was determined by the product of stimulus luminance and 
area (Park & McAnany, 2015).  Therefore, how extrinsic and intrinsic ipRGC inputs 
to the PIPR vary across the visual field have not been characterised, with even basic 
melanopic measures such as how PIPR amplitude varies with retinal eccentricity as 
yet unknown. 
Experiment 2 (Chapter 5) assesses the differences between central and 
peripheral stimulus presentation, measuring both the extrinsic and intrinsic pupil 
control pathways.  Intrinsic probabilistic photon catch is dependent on the balance 
between dendritic field size and number of ipRGCs per unit area, and it has been 
confirmed in M1 ipRGCs that with increasing eccentricity they reduce in number but 
increase in receptive field size (Figure 2.5) (Dacey et al., 2005).  IpRGCs also 
connect laterally to form a heterogeneous plexus, presumably to create localised 
areas of enhanced excitability, but how this manifests in the pupil response is yet to 
be confirmed.    How the balance of these factors regulates the pupil servomechanism 
will be determined in the central and peripheral retina, for the extrinsic and intrinsic 
pathways, using stimuli designed to maximise and minimise melanopic excitation.  
This will be done for two stimulus durations as spatial summation varies with 
temporal duration (Barlow, 1958). 
Finally, Experiment 3 (Chapter 6) investigates the effect of light adaptation on 
the PIPR.  Under dark adapted conditions, the PIPR has the same spectral sensitivity 
as the melanopsin nomogram measured in vitro, and is the current standard for non-
invasive assessment of ipRGC function in humans.  It is important to determine how 
light adaptation may alter PIPR amplitude.  The time course of extrinsic and intrinsic 
ipRGC adaptation differs electrophysiologically (see Section 2.4.3), and the majority 
of studies that dissociate extrinsic and intrinsic signalling have used pharmacological 
blockade or transgenic animal models to selectively silence one or the other pathway, 
 Chapter 2: Literature Review 35 
which therefore may not be generalizable to retinae with complete signalling due to 
the complex feedback processes originating in ipRGCs (Joo, Peterson, Dacey, Hattar, 
& Chen, 2013; Zhang et al., 2008).  Whether the independent encoding of synaptic 
and endogenous signals can be maintained while transmitted by the same ipRGC 
axon is yet to be conclusively demonstrated, with the suggestion that extrinsic inputs 
could affect the intrinsic ipRGC pathway (Belenky et al., 2003; Wong et al., 2007).  
Studies by Park et al. (2011) and Park and McAnany (2015) have demonstrated that 
in humans, the introduction of a continuous field to desensitise rod contributions also 
attenuates the PIPR amplitude.  The adaptation field was presented for the entire 
experimental trial including an initial 2 minute adaptation period, but the authors did 
not explore the mechanism that caused the PIPR attenuation.  It may be that the 2 
minutes of adaptation caused the reduced PIPR response due to melanopsin 
adaptation, or that the adapting field presented post-stimulus suppressed the 
melanopsin-mediated PIPR.  Experiment 3 will investigate how the PIPR amplitude 
depends on the light or dark adapted state of the pupil.  The duration and irradiance 
of light adaptation required to attenuate the PIPR will be investigated.  Furthermore, 
using pre-adapting fields univariant for rod or melanopsin excitation, the effect 
extrinsic rod and intrinsic melanopsin inputs have upon the PIPR amplitude will be 
determined. 
2.6 AIMS AND HYPOTHESES 
The pupil light reflex is a non-invasive measure of retinal signalling from all 
photoreceptor classes (rods, cones and ipRGCs) (Do & Yau, 2010; Markwell et al., 
2010).  There is emerging evidence that the temporal and spatial signalling properties 
of the inner and outer retina photoreceptors contribute differently to the PLR 
(McDougal & Gamlin, 2010), but how these differences in response interact and 
manifest functionally in the PLR is largely uncharacterised.  This program of 
investigation will determine the pupil’s temporal, spatial and adaptation response 
properties by elucidating the similarities and interactions of extrinsic rod/cone and 
intrinsic melanopsin contributions to the pupil light reflex by controlling stimulus 
duration, waveform, retinal location and adapting field.  Experiment 1 assesses 
extrinsic and intrinsic pathway interactions in the aperiodic and periodic pupil 
responses.  Experiment 2 investigates differences between extrinsic and intrinsic 
signalling as a function of retinal eccentricity.  Experiment 3 assesses the PIPR in the 
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light and dark adapted pupil, to determine the dependence of the PIPR on adaptation 
state.  Such information will be an important precursor to the development of 
commercial and diagnostic pupillometry systems to asses ocular and non-ocular 
disease progression and severity. 
2.6.1 Experiment 1A (Chapter 4) 
Two primary roles of ipRGCs are to signal absolute irradiance levels during the 
solar day for circadian purposes, and to regulate pupil diameter to changes in retinal 
illumination on a shorter time scale.  The ipRGC mediated pupil light reflex has been 
characterised primarily in response to long duration (1 – 10 s) incremental square 
wave stimuli, predominantly because the longer duration lights are more closely 
matched to the cell’s long integration times.  However, how ipRGCs integrate 
multiple brief pulsed stimuli for control of the functional pupil response is unknown.  
Therefore pupil constriction amplitude and timing (extrinsic+intrinsic pathways), and 
PIPR amplitude (intrinsic pathway), were measured in response to two brief (100 ms) 
pulsed stimuli with varying inter-stimulus intervals (ISI) (0 – 1024 ms) that were 
high and low for melanopsin excitation. 
Hypotheses 
 The intrinsic ipRGC pathway temporally integrates over a longer period 
compared to extrinsic inputs, therefore the PIPR amplitude is 
independent of the brief intervals between pulsed stimuli. 
 Due to its long latency to signalling, high melanopsin excitation causes 
a delay in the functional pupil response compared to low melanopsin 
excitation, therefore the time to peak pupil constriction amplitude is 
slower under high melanopsin excitation. 
2.6.2 Experiment 1B (Chapter 4) 
Electrophysiological studies have demonstrated that the melanopsin pathway 
has sluggish temporal response (Dacey et al., 2005; Wong et al., 2007), but the 
extrinsic and intrinsic pathways operate together to regulate the phasic pupil response 
to periodic stimuli (Barrionuevo et al., 2014).  Whether the temporal frequency of 
periodic stimulation is resolved by melanopsin is unknown, as is whether the PIPR 
amplitude is dependent upon stimulus temporal frequency or time average irradiance.  
Additionally, whether melanopsin contributions alter the amplitude or timing of the 
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dark adapted phasic pupil response has not been determined.  In order to determine 
the phasic pupil response to periodic sinusoidal stimulation (0.24 – 4.08 Hz), the 
PIPR (intrinsic pathway), phasic peak-trough amplitude and phase latency 
(extrinsic+intrinsic pathways) were measured. 
Hypotheses 
 The intrinsic ipRGC response has sluggish signalling kinetics, therefore 
PIPR amplitude is independent of the temporal frequency of sinusoidal 
stimulation. 
 Intrinsic ipRGC contributions act to suppress the pupil diameter, 
therefore high melanopsin excitation will attenuate the peak-trough 
amplitude of the phasic pupil response.   
 Intrinsic ipRGC contributions have sluggish kinetics, therefore high 
melanopsin excitation will phase delay the phasic pupil response, 
increasing the phase difference between stimulus and pupil response 
compared with low melanopsin excitation conditions. 
2.6.3 Experiment 2 (Chapter 5) 
The pupil acts as a simple flux integrator, and thus the light adapted pupil 
follows a corneal flux density relationship (CFD) such that doubling the luminance 
of a stimulus or doubling the area of a stimulus are reciprocal, and have the same 
effect upon the steady state pupil diameter (Atchison et al., 2011; Crawford, 1936; 
Park & McAnany, 2015; Stanley & Davies, 1995; Vervoort, 1899; Watson & Yellott, 
2012).  For the central visual field a CFD relationship has been shown for the 
melanopsin-mediated post-illumination pupil response (Park & McAnany, 2015), 
however whether this holds eccentrically is unknown.  The density of M1 ipRGCs 
decrease with increasing eccentricity but increase in dendritic field diameter (Dacey 
et al., 2005; Liao et al., 2016), and how these factors combine to regulate pupil 
dimeter will be examined in Experiment 2.  Whether the pupil constriction 
(extrinsic+intrinsic pathways) and PIPR (intrinsic pathway) demonstrate the same 
response amplitudes as a function of retinal eccentricity is unknown.  The CFD 
relationships for the PIPR and constriction amplitude were assessed in the central 
(0°) and peripheral (20°) retina, with stimuli which maintained a CFD relationship, 
were constant for area, or constant for irradiance. 
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Hypotheses 
 If ipRGC density is the primary factor determining PIPR amplitude, 
then the PIPR will be reduced in the peripheral retina due to lower 
eccentric ipRGC density.  If dendritic field size is the primary factor 
determining PIPR amplitude, then PIPR amplitude will increase in the 
peripheral retina due to the larger eccentric field size.  If the lateral 
plexus linking ipRGCs via gap junctions acts to negate the effect of 
density/dendritic size on the PIPR, no effect of eccentricity will be 
observed. 
 Extrinsically mediated image forming sensitivity is maximal in the 
central retina and declines with increasing eccentricity, therefore the 
extrinsically mediated pupil constriction will similarly decrease in 
amplitude in the peripheral retina. 
2.6.4 Experiment 3 (Chapter 6) 
The extrinsic rod/cone and intrinsic melanopsin ipRGC signals share the same 
physiological substrate from the eye to the OPN for pupil control, but have differing 
temporal properties whereby the intrinsic pathway is orders of magnitude slower 
(Dacey et al., 2005; Wong et al., 2007).  This difference in timing may facilitate 
extrinsic influences upon the intrinsic, as extrinsic signals may alter the signalling 
properties of the intrinsic pathway through changes in membrane conduction, 
calcium influx, or metabotropic receptor interactions in the phototransduction 
cascade (Wong et al., 2007).  Such a relationship has been suggested to modulate the 
release of PACAP and glutamate cotransmitters in the SCN (Belenky et al., 2003).  
In the functional pupil response, extrinsic and intrinsic interactions can be observed 
in the timing of constriction amplitude and the phasic modulation amplitude (Joyce 
et al., 2015), but have not been observed in the post-illumination pupil response.  
However, Park et al. (2011) and Park and McAnany (2015) show that a continuous 6 
cd.m
-2
 blue field (λmax 460 nm) exposed for 2 minutes prior to stimulus onset 
attenuates the PIPR.  This suggests that a short wavelength mechanism such as rods 
or melanopsin may be responsible, given their known dominant inputs to pupil 
control (McDougal & Gamlin, 2010).  Experiment 3A systematically altered the 
duration and irradiance of a continuous field to determine the PIPR’s dependence on 
these factors.  Experiment 3B used sets of brief pre-adapting fields (1 – 5 s) to 
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determine if extrinsic or intrinsic signalling prior to stimulus onset alters the PIPR 
amplitude.  Two sets of pre-adapting fields were created with outputs equated to be 
either univariant for the short wavelength sensitive photopigments rhodopsin (rod 
photoreceptor) or melanopsin (intrinsic ipRGC photoreceptor).  These fields spanned 
mesopic (rod-, cone- and melanopsin-mediated) to photopic (cone- and melanopsin-
mediated) light levels. 
Hypotheses 
 For the long duration light adapted pupil, if saturated rod contributions 
are attenuating the PIPR, or reduced melanopsin signalling due to 
incomplete adaptation is attenuating the PIPR, then reducing the 
duration or irradiance of continuous light adaptation will increase the 
PIPR amplitude. 
 For the light pre-adapted pupil, if brief rod or melanopsin inputs prior 
to stimulus onset influence the intrinsic pathway, then sets of pre-
adapting fields univariant for rod or melanopsin excitation will result in 
systemically different PIPR amplitudes.   
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Chapter 3: Methods 
3.1 INTRODUCTION 
This chapter describes the single-channel Maxwellian-view pupillometer used 
in Experiment 1 (Chapter 4) and Experiment 2 (Chapter 5); and the 4-primary 
Maxwellian-view pupillometer used in Experiment 3 (Chapter 6).  This includes 
aspects of design, calibrations, data analysis methods and data modelling.  All 
apparatus were custom designed and built in the Visual Science and Medical Retina 
Laboratories at the Institute of Health and Biomedical Innovation, Queensland 
University of Technology (QUT), Brisbane, Australia. 
3.2 EXTENDED MAXWELLIAN-VIEW PUPILLOMETER 
The traditional Maxwellian-view system (Maxwell, 1860; Westheimer, 1966) 
uses a single lens to focus the image of a light source in the plane of the pupil, to 
view more intensity per unit area compared with Newtonian-view systems which do 
not focus the image in the plane of the pupil.  If the image of the light source is 
smaller than the pupil of the eye then all of the light captured by the lens enters the 
eye, resulting in an image unobstructed by the iris (Beer, MacLeod, & Miller, 2005) 
allowing the pupil servomechanism to operate under open loop conditions (Stark & 
Baker, 1959).  This method requires exact placement of the pupil along the optical 
axis as it is very sensitive to changes in eye position.  Often, a bite-bar and head 
restraint is used to control alignment, which can be uncomfortable for the participant.  
By using two lenses the sum of their focal length apart in conjunction with a diffuser, 
an extended Maxwellian-view system can be created (Beer et al., 2005; Westheimer, 
1966).  This system creates a spatially extended image in the region of the pupil, 
which sacrifices some of the stimulus saturation and intensity of the traditional 
system, while tolerating minor changes in pupil location.  Participants are therefore 
more comfortable in the apparatus as a bite-bar is not required, and alignment can be 
maintained using a chinrest, head restraint and temple-bars (e.g., Adhikari et al. 
(2015), Kankipati, Girkin, and Gamlin (2010)). 
Experiments 1A & 1B and Experiment 2 were conducted on two different 
pupillometers, both based upon the principles of the extended Maxwellian-view, and 
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differing only in the number of primary lights used to generate stimuli and which eye 
the light stimulus was delivered to.  The design was based upon an optical design by 
Beer et al. (2005) and Kankipati et al. (2010) as shown in Figure 3.1.  The primary 
lights were two interchangeable 5 mm LEDs used to generate the stimuli, blue (λmax 
464 nm, FWHM 19 nm) and red appearing (λmax 638 nm, FWHM 15 nm).  Primaries 
were controlled by custom coded software in Matlab (version 7.12.0), with radiance 
and operating range precisely defined by a combination of DAC lookup tables 
providing 8 bit control (255 levels) and linear 10-turn potentiometers spanning a 0.3 
log photons.cm
-2
.s
-1
 range.  Calibrated neutral density filters (Ealing, Massachusetts, 
USA) provided additional attenuation.  The light from these primaries were 
collimated by two Fresnel lenses (100 mm diameter, 127 mm and 70 mm focal 
lengths; Edmund Optics, Singapore) and homogenised by a 5° light shaping diffuser 
(Physical Optics Corp., California USA) before being projected in Maxwellian-view 
in the plane of the pupil of the direct eye.  An aperture controlled stimulus diameter, 
which was 35.6° for Experiment 1 and ranged from 5° to 40° for Experiment 2.  For 
Experiment 2, a dim red fixation target was projected 20° from the optical axis onto 
the surface of the Fresnel lens F2 so that stimuli excited the temporal retina.  The 
observer’s consensual eye was illuminated by an 851 nm infrared LED and recorded 
by a Pixel link IR camera (PL-B741 FireWire, 640 × 480 pixels) at 60 frames.s
-1
.  
Custom offline analyses of the pupil diameter were performed in Matlab, where the 
pupil was fit by two ellipses and the average diameter of the two obtained.  The data 
were smoothed by a 6th order Butterworth IIR filter with a 5 Hz cut-off, and blinks 
were linearly interpolated. 
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Figure 3.1.  Maxwellian view pupillometer.  The short or long wavelength LED is rotated into place 
at the focal plane of Fresnel lens 1 (F1).  Light rays from the LED are spatially homogenised by 
diffuser D then collimated by F1, passing through the aperture (A) which controls stimulus diameter.  
Rays are converged by the second Fresnel lens (F2) in the plane of the pupil (direct eye, DE) to 
generate stimuli in extended Maxwellian-view.  The consensual pupil (consensual eye, CE) is 
illuminated by an infrared LED (IR).  Mirrors reflect the infrared light from the consensual eye to be 
recorded by the infrared camera. For Experiment 2, a dim red fixation light was presented at 20° from 
the optical axis.  Not drawn to scale.  
3.2.1 Pupillometer calibration 
Spectral output of the blue and red primary LEDs (Figure 3.2) was measured 
with a Spectroradiometer (StellarNet EPC200C, Tampa, USA). 
 
Figure 3.2.  Normalised LED spectrums of the pupillometer used in Chapter 5.  Tracings depict 
the Blue (464 nm) and Red (638 nm) primaries.  
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Calibration of the pupillometer required measurement of the irradiance of the 
red and blue primaries over the operating range of the instrument, by altering the 
software DAC value between 0 and 255.  Other methods of adjusting light output 
included using ND filters placed in front of the pupil as well as 10-turn 
potentiometers to attenuate output. 
Calibrations were performed in the dark with a calibrated research radiometer 
(International Light Technologies 1700, USA) measuring both irradiance (watts.cm
-
2
) and luminance (cd.m
-2
) for each primary.  The watt value was converted into log 
photons.cm
-2
.s
-1
 as per the following: 
The relationship between photon flux (quanta, Φ) and radiant power (φ) is 
given by  
Φ = φ × λ / hc       Equation 1 
where λ is wavelength in metres, h is the Plank constant (6.626 × 10-34) and c is the 
speed of light (2.998 × 10
8
 m.s
-1
).  For a point source, photon flux (photons.s
-1
) and 
radiant power (W) are related to irradiance (w.m
-2
) and photon irradiance 
(photons.m
-2
.s
-1
) by 
φ = ER × A        Equation 2 
and 
Φ = EP × A       Equation 3 
where ER is irradiance, EP is photon irradiance and A is the area of the receiver.  By 
substitution, irradiance (W.m
-2
) is converted to photon irradiance (photons.m
-2
.s-
1
) by 
ER = EP * hc / λ       Equation 4 
The relationships between DAC and watts and DAC and log photons are 
illustrated in Figure 3.2.  The red and blue calibration data were modelled using a 
linear model of the form  
y= mx + c       Equation 5 
where y is the irradiance, x is the DAC measurement, m is the slope of the trendline 
and c is the intercept of the trendline.  This model was used to specify the required 
DAC for any given desired photon value.  For Experiment 1 and Experiment 2, low 
irradiance values were achieved by modulating DAC in concert with the use of ND 
filters. 
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Figure 3.3.  Pupillometer calibrations.  Calibration performed in watts (Panel A) and converted into 
photons (Panel B) using Equations 1 to 4.  Stimuli are generated with a combination of neutral density 
filters and DAC values ≥100, to avoid non-linearities below this value as evidenced in panel B. 
3.3 4-PRIMARY PUPILLOMETER 
For the experimental protocols of Experiment 1 and Experiment 2, the dark 
adapted pupil light reflex was measured in response to a single stimulus pulse.  
However, the protocols for Experiment 3 required coloured pre-adapting fields for 
light adapted PLR measurements, in addition to the high irradiance stimulus pulse, 
therefore multiple primaries were needed.  For Experiment 3 a new optical system 
was built and controlled using electronics and software that are used to drive a 4-
primary photostimulator (Pokorny, Smithson, & Quinlan, 2004; Zele, Maynard, & 
Feigl, 2013). 
The new 4-primary Maxwellian-view pupillometer is shown in Figure 3.4, and 
consists of four 5mm narrowband primary LEDs, Blue/Blue2 (λmax 464 nm, FHWM 
11 nm), Cyan (λmax 512 nm, FWHM 33 nm), and Green (λmax 560 nm, FWHM 12 
nm).  A second blue primary (Blue2) was chosen as the paradigm necessitated both 
high output (Blue primary) to generate the melanopsin exciting stimulus pulse, and 
low output (Blue2 primary with ND attenuation) to generate low irradiance adapting 
fields, a range of some 4.5 log units.  The light from the primaries is spatially 
homogenised with 5° light shaping diffuser (Physical Optics Corp., California USA) 
then focussed through achromat doublet lenses (Edmund Optics, New Jersey, USA).  
Using 50:50 beam splitters the fields are aligned with the optical axis and controlled 
by an aperture to create a 36.37° field.  A Fresnel lens (Edmund Optics, Singapore) 
projects stimuli into the plane of the direct eye pupil in extended Maxwellian-view 
(Figure 3.4).  A small fixation cross is centred in the field to reduce pupil fluctuation 
due to varying accommodation under open loop conditions (Stark & Baker, 1959).  
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The consensual eye is illuminated by an infrared LED (851 nm) and a Pixel Link IR 
camera (PL-B741 FireWire, 640 × 480 pixels) records the reflected light from the 
consensual eye via two silver surface mirrors.  Video is captured at 60 frames.s
-1
 and 
processed offline.  Two elliptical edge detection algorithms custom-coded in X-code 
(version 3.3.3.5) detect the pupil’s margin. 
 
Figure 3.4  Maxwellian view 4-primary pupillometer.  Light rays from the primaries are spatially 
homogenised by diffusers D then refracted by achromatic doublet lenses (AD, subscripts denote focal 
lengths in mm) which minimise chromatic aberration. Half of the irradiance from each LED is aligned 
along the optical axis using 50:50 beam splitters (BS), dispersing the other half off-axis (not shown).  
On-axis light is projected by Fresnel lens (F) to the plane of the pupil (direct eye, DE) to generate 
stimuli in extended Maxwellian-view.  The consensual pupil (consensual eye, CE) is illuminated by an 
infrared LED (IR).  Mirrors reflect the infrared light from the left eye to be recorded by the infrared 
camera. Not drawn to scale.  
Stimuli for the four primary system are custom programmed in X-code 
(version 3.3.3.5) running on an Apple Macintosh Pro computer.  Stimuli are output to 
an external high definition Dolby pre-amplifier (ProFire 2626, M-Audio, USA) 
running a 24 bit D/A converter sampling at 192 kHz allowing 16 bit resolution (Zele, 
Feigl, Kambhampati, Hathibelagal, & Kremers, 2015).  Custom built voltage-to-
frequency converters provide 1 μs pulses at up to 250 kHz (Swanson, Ueno, Smith, 
& Pokorny, 1987) to modulate LED radiance in pulse width modulation (PWM) 
mode.  Stimulus timing and amplitude were confirmed with a scopemeter (Fluke 123 
Industrial ScopeMeter, Germany). 
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3.3.1 4-primary calibration 
Calibration of the 4-primary pupillometer involves measurement of the spectral 
output and luminance of each primary, as well as a linearization of the primary’s 
output over a range of input voltages (Pokorny et al., 2004).  Calibrations are 
conducted in the dark with the instrument sensor placed such that it is completely 
and evenly illuminated.  A spectroradiometer (Stellarnet EPC200C, Tampa, USA) 
measured the spectral distribution of each primary.  The spectroradiometer’s cosine 
receptor is positioned between the primary and the first optical component to obtain 
maximum signal.  The output of each primary is measured and subtracted from the 
dark level.  The normalised spectral output of each primary is shown in Figure 3.5.  
 
Figure 3.5.  Normalised LED spectrums of the 4-primary pupillometer.  Tracings depict the 
Blue/Blue2 (464 nm), Cyan (512 nm), and Green (560 nm) primaries.  
The luminance (cd.m
-2
) and energy (watts.cm
-2
) were measured (Figure 3.6) for 
each primary LED across a range of input voltages (low: 0.04 – 0.10 V in 0.01 V 
increments and high: 0.1–1 V in 0.1 V increments) using a radiometer (International 
Light Technologies 1700, USA).  Low and high ranges are used because the 
normalised data has a bilinear relationship in the low and high ranges.  The low and 
high range luminance data are used to derive a 4
th
 order polynomial function to 
correct the Vin-Vout relationship (Puts, Pokorny, Quinlan, & Glennie, 2005).  Each 
LED is measured twice and the average data analysed in Microsoft Excel. 
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Figure 3.6.  Normalised photon flux calibrations of the 4-primary pupillometer.  Depicting non-
linearities in low range (candelas.m2 Panel A, log photons.cm-2.s-1 Panel C) and high range values 
(candelas.m2 Panel B, log photons.cm-2.s-1 Panel D). 
Using the Solver add-in in Excel, a best fitting polynomial is determined by 
minimising the sums of squares differences between the data and the model values.  
The 4
th
 order polynomial is of the form  
Y = C4×B
4
 + C3×B
3
 + C2×B
2
 + C1×B + C0   Equation 6 
where C0-4 represents the model parameters and B represents the natural log of the 
averaged raw data for each voltage level.  Examples for each LED are shown in 
Figure 3.7, and show good agreement with one another. 
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Figure 3.7.  Relationship between normalised voltage input and output of the 4-primary 
pupillometer.  Graph indicates good agreement of the 4 curves, reflecting the predictable output of 
LED sources.  
3.3.2 Modelling 
The existing 4-primary software controls photoreceptor excitations under light 
adapted conditions in Weber contrast about an adapting field, and specified stimuli in 
terms of relative cone troland chromaticity space (Smith & Pokorny, 1996) for L-, 
M-, S-cone and rod photoreceptors (Zele et al., 2013).  However, Experiment 3 
(Chapter 6) required that radiometric stimuli be generated from a dark or light 
adapted background through the manipulation of individual primary irradiance 
outputs.  The 4-primary software can also control individual primary output by 
selecting desired normalised voltage values for each LED.  In order to determine 
what normalised input voltage was required to achieve a given output irradiance, the 
relationship between normalised voltage and output irradiance was modelled using a 
6
th
 order polynomial.  As the physical calibrations were performed both 
radiometrically and photometrically the relationship between Watts and candelas for 
each LED could be determined (linear model, Figure 3.8), and thus desired output 
could be specified in radiometric (log photons.cm
-2
.s
-1
) units using Equations 1 to 5, 
or photometric units (candela.m
-2
). 
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Figure 3.8.  Calibrations of the 4-primary pupillometer LEDs.  Radiometric (Watts.cm-2) and 
photometric (candelas.m-2) units have a linear relationship. 
3.3.3 Adapting field calculations 
Experiment 3 in Chapter 6 uses three different adapting fields generated by 
primaries with different spectral peaks; 464 nm (Blue), 512 nm (Cyan) and 560 nm 
(Green).  Photoreceptors obey the law of univariance, whereby photoreceptor output 
is dependent upon the number of photons captured, not their wavelength (Estevez & 
Spekreijse, 1982; Mitchell & Rushton, 1971).  Photoreceptors therefore do not signal 
colour, but rather colour is an emergent property of the complex visual processing by 
pathways efferent to the photoreceptor (for review see Solomon & Lennie, 2007).  
Each class of photopigment has a common curve (as they are all vitamin A1 based 
photopigments) (Dartnall, 1953), but the peak spectral sensitivities vary across the 
visual spectrum.  The difference in melanopsin and rod spectral sensitivities is shown 
in Figure 3.9.  For example, when normalised to their spectral peaks, rods are ~0.5 
log units less sensitive to the Green primary than they are to a narrowband stimulus 
with a peak at 507 nm, while melanopsin is ~1 log unit less sensitive to the same 
stimulus, compared with its peak at 482 nm.  The difference between the two curves 
at any given wavelength demonstrates the difference in relative sensitivities between 
rod and melanopsin only for that wavelength.  This information in conjunction with 
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the spectral profiles of each primary can be used to adjust their radiances to entail the 
same excitation for a single class of photoreceptor at a time (in this case rods or 
melanopsin).  The observer perceives the fields to be perceptually different in colour, 
but the selected photoreceptor’s probabilistic quantal catch is adjusted to be equal for 
each of the Blue, Cyan and Green fields.  Melanopsin and rods have differential 
spectral sensitivities as evidenced by the horizontal vertical offset between the two 
curves of Figure 3.9 (and thus the vertical offset for any given wavelength). 
Therefore, a set of three different coloured adapting fields is created that are 
invariant for rod excitation but not for cone and melanopsin excitation, and a set of 
adapting fields that are invariant for melanopsin excitation will not be invariant for 
rod and cone excitation.  If systematic pupil light reflex responses are observed for 
rod univariant fields but not melanopsin univariant fields, then rod photoreceptors 
are mediating the systematic response observed.  Alternatively, the opposite case 
may occur suggesting that melanopsin is the mediating mechanism. 
Figure 3.9.  Log relative sensitivity of melanopsin and rods.  Normalised probabilistic spectral 
sensitivities for rods are derived from Crawford (1949) and melanopsin is derived from al Enezi et al. 
(2011).  When normalised to their peaks, melanopsin is more sensitive than rods to short wavelength 
light, and less sensitive than rods to longer wavelengths.  Vertical dashes indicate the peak spectral 
output of Blue/Blue2, Cyan, and Green primaries.  
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Chapter 4: Temporal Characteristics of 
Melanopsin Inputs to the 
Human Pupil Light Reflex 
4.1 ABSTRACT 
Rods, cones and melanopsin containing intrinsically photosensitive Retinal 
Ganglion Cells (ipRGCs) operate in concert to regulate pupil diameter.  The temporal 
properties of intrinsic ipRGC signalling are distinct to those of rods and cones, 
including longer latencies and sustained signalling after light offset.  We examined 
whether the melanopsin-mediated post-illumination pupil response (PIPR) and pupil 
constriction were dependent upon the inter-stimulus interval (ISI) between 
successive light pulses and the temporal frequency of sinusoidal light stimuli.  
Melanopsin excitation was altered by variation of stimulus wavelength (464 nm and 
638 nm lights) and irradiance (11.4 and 15.2 log photons.cm
-2
.s
-1
).  We found that 6 s 
PIPR amplitude was independent of ISI and temporal frequency for all melanopsin 
excitation levels, indicating complete summation.  In contrast to the PIPR, the 
maximum pupil constriction increased with increasing ISI with high and low 
melanopsin excitation, but time to minimum diameter was slower with high 
melanopsin excitation only.  This melanopsin response to briefly presented pulses 
(16 and 100 ms) slows the temporal response of the maximum pupil constriction.  
We also demonstrate that high melanopsin excitation attenuates the phasic peak-
trough pupil amplitude compared to conditions with low melanopsin excitation, 
indicating an interaction between inner and outer retinal inputs to the pupil light 
reflex.  We infer that outer retina summation is important for rapidly controlling 
pupil diameter in response to short timescale fluctuations in illumination and may 
occur at two potential sites, one that is presynaptic to extrinsic photoreceptor input to 
ipRGCs, or another within the pupil control pathway if ipRGCs have differential 
temporal tuning to extrinsic and intrinsic signalling. 
4.2 INTRODUCTION 
Intrinsically photosensitive Retinal Ganglion Cells (ipRGCs) have two primary 
functions; the non-image forming transduction of light via projections to the 
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suprachiasmatic nucleus (SCN) for circadian photoentrainment (Berson et al., 2002; 
Do & Yau, 2010; Gooley, Lu, Fischer, & Saper, 2003; Guler et al., 2008), and the 
regulation of pupil diameter through projections to the olivary pretectal nucleus 
(OPN) (Hattar et al., 2006).  These two functions operate within different temporal 
scales; ipRGCs have long term signalling capabilities of at least 10 hours in duration 
(Wong, 2012) for circadian photoentrainment to the solar day, while pupil 
constriction has a similar critical duration to that of image-forming visual processes 
(Webster, 1969). 
The ipRGCs in the inner retina signal light information via the intrinsic 
photopigment melanopsin (Hattar et al., 2002; Lucas, Douglas, & Foster, 2001; 
Provencio et al., 2002) and response onset varies from ~1 minute at ipRGC threshold 
to several hundred milliseconds at saturating irradiances (Berson et al., 2002), with a 
time to peak spiking at ~3 s (Dacey et al., 2005).  The intrinsic melanopsin 
contribution can be observed directly in primates and humans as a sustained pupil 
constriction after light offset (Gamlin et al., 2007); as the spectral sensitivity of this 
human post-illumination pupil response (PIPR) closely matches that of the 
melanopsin photopigment when measured with 10 s aperiodic stimuli (Gamlin et al., 
2007; Markwell et al., 2010).  IpRGCs also receive extrinsic inputs from outer retinal 
rods and cones (Dacey et al., 2005; Lucas et al., 2003; Schmidt & Kofuji, 2010) and 
this combination of intrinsic and extrinsic signalling regulates pupil diameter 
(Barrionuevo et al., 2014; Gamlin et al., 2007; Markwell et al., 2010; McDougal & 
Gamlin, 2010; Tsujimura et al., 2010).   
It is not well understood how inner and outer retinal inputs that have different 
temporal response properties are combined to modulate pupil diameter.  Temporal 
summation is a fundamental image-forming process that balances visual sensitivity 
with temporal resolution to optimise visual performance, but little is known about the 
summation properties of melanopsin inputs to the non-imaging process of pupil 
regulation, namely the amplitude of constriction and PIPR.  For image-forming 
vision, stimulus irradiance and duration are reciprocal for durations between ~75 to 
~100 ms under dark adapted conditions, with a similar critical duration required to 
achieve a criterion pupil constriction (Webster, 1969).  The critical duration of the 
PIPR is yet to be established, although it is likely to be longer given the extended 
latent period of ipRGCs (Berson et al., 2002).  In humans, the maintained pupil 
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constriction during stimulus presentation of narrow-band light pulses less than 10 s 
duration is predominantly driven by outer retinal signalling (rods; and to a lesser 
degree, cones) (McDougal & Gamlin, 2010), mediated extrinsically via the ipRGC 
pathway to the OPN (McDougal & Gamlin, 2015; McDougal & Gamlin, 2008).  The 
outer retina dominated pupil constriction amplitude measured under conditions not 
optimised to study the role of melanopsin signalling shows summation over inter-
stimulus intervals (ISI) of approximately 600 ms (Baker, 1963).  In Experiment 1A 
we determined the summation properties of the pupil constriction amplitude and the 
melanopsin-mediated PIPR under high and low melanopsin excitations in response to 
two aperiodic light pulses separated in time. 
The phasic pupil response to sinusoidal light stimulation (Barrionuevo et al., 
2014; Clarke et al., 2003; Stark & Baker, 1959; Stark & Sherman, 1957) is 
dominated by outer retinal rod and cone photoreceptor inputs with an augmented 
melanopsin contribution with increasing light level (Barrionuevo et al., 2014).  In 
Experiment 1B we determined the effect of periodic stimulation with high and low 
melanopsin excitations on the PIPR amplitude and phasic pupil response, to identify 
a signature interaction between inner and outer retinal inputs. 
4.3 MATERIALS AND METHODS 
4.3.1 Apparatus 
Light stimuli were generated using a custom-built optical system with the 
design based on an extended Maxwellian view optical system (Beer et al., 2005; 
Kankipati et al., 2010).  Light generated by 5 mm LEDs (blue appearing short 
wavelength: λmax 464 nm, 19 nm half-bandwidth; red appearing long wavelength: 
λmax 638 nm, 15 nm half-bandwidth) was imaged in the plane of the right pupil via 
two Fresnel lenses (100 mm diameter, 127 mm and 70 mm focal lengths; Edmund 
Optics, Singapore) and a 5º light shaping diffuser (Physical Optics Corp., California 
USA).  This generated a 35.6° diameter stimulus light and its corresponding ~31.8 
mm diameter retinal image.  The consensual pupil response of the left eye was 
recorded under infrared LED illumination (λmax 851 nm) with a Pixelink camera (PL-
B741 FireWire; 640 × 480 pixels; 60 frames.s
−1
) through a telecentric lens 
(Computar 2/3″ 55 mm and 2× Extender C-Mount).  A chin rest, temple bars and a 
head restraint maintained alignment.   
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All electronics were supplied from stabilised power supplies and stimuli 
irradiances confirmed with a calibrated radiometer (International Light Technologies 
IL1700, USA). The temporal profiles of all stimuli were confirmed with a high 
resolution digital acquisition device (ADI Instruments, USA) connected to a silicon 
cell.  Data were recorded at 60 Hz and digitally filtered using a lowpass 6
th
 order 
Butterworth IIR with a 5 Hz cut-off frequency.  The filter was confirmed to introduce 
no phase shifting of the data, and missing data points due to blinks were linearly 
interpolated.  Custom software coded in Matlab (version 7.12.0, Mathworks, USA) 
controlled stimulus presentation, pupil recording and analysis.  Details are given 
elsewhere (Feigl, Mattes, et al., 2011; Zele et al., 2011). 
4.3.2 Experimental paradigms 
Blue (B, 464 nm) or red (R, 638 nm) appearing narrow-band stimuli at low (L, 
11.4 log photons.cm
-2
.s
-1
) or high (H, 15.2 log photons.cm
-2
.s
-1
) irradiance were used.  
Table 1 specifies the relative photoreceptor excitation (α-opic lux) for each 
irradiance/wavelength combination (Lucas et al., 2014).  Conditions are specified in 
terms of melanopsin excitation, with M+ and M- for high or low melanopsin 
excitation and the subscripts indicating the wavelength (B for the blue LED and R 
for the red LED) and irradiance level (L for low irradiance and H for high 
irradiance).  Condition M
+
BH (4453 melanopic lux) has a ~1600-fold greater 
melanopsin excitation than the three other conditions (M
-
BL, M
-
RH, M
-
RL; ≤ 2.78 
melanopic lux).  Condition M
+
BH also produces higher outer retina photoreceptor 
excitations (L-, M- and S-cone and rods) than the M
-
 conditions.  Note that Table 1 
specifies the relative photoreceptor excitations given photoreceptor spectral 
sensitivities, the spectral properties of the stimulus and ocular prereceptoral 
attenuation; with no indication of their effect on the pupil.  Individual photoreceptor 
contributions to the pupil control pathway cannot be inferred based on stimulus α-
opic lux alone, being further dependent on the spatial and temporal properties of the 
stimulus and the photoreceptor inputs to the pupillary control pathway under the 
measured conditions; the roles of many of these factors are still to be determined.  
Furthermore, the generalizability of one melanopic lux metric to the activity of all 
five subtypes (M1-M5) has not been established, nor has the individual contributions 
of these subtypes to the human pupil control pathway.  A sustained PIPR compared 
to baseline confirms melanopsin pathway activation (for review see Feigl & Zele, 
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2014), as the human PIPR has the same spectral response as the photopigment 
melanopsin (Gamlin et al., 2007; Markwell et al., 2010). 
 α-opic lux 
Stimulus 
Melanopic 
(Melanopsin) 
Rhodopic 
(Rod) 
Cyanopic 
(S-cone) 
Chloropic 
(M-cone) 
Erythropic 
(L-cone) 
M
+
BH  (464 nm, 15.2 log photons.cm
-2
.s
-1
) 4453 3103 5333 1502 767 
M
-
RH  (638 nm, 15.2 log photons.cm
-2
.s
-1
) 2.78 15.76 1.85 256 1036 
M
-
BL (464 nm, 11.4 log photons.cm
-2
.s
-1
) 0.71 0.49 0.85 0.24 0.12 
M
-
RL  (638 nm, 11.4 log photons.cm
-2
.s
-1
) 4.41×10
-4
 2.5×10
-3
 2.93×10
-4
 4.05×10
-4
 0.16 
Table 4.1.  Estimated photoreceptor excitations (α-opic lux) for each stimulus condition.  
All experiments were conducted in the dark.  Long and short wavelength 
stimuli were alternated to control for possible effects of melanopsin bistability on the 
pupil response (Mure et al., 2009) and fatigue (Feigl, Zele, et al., 2011; Kankipati et 
al., 2010).  To account for age related, wavelength dependent attenuation by the 
optical media of the eye (Wooten, Hammond, Land, & Snodderly, 1999; Xu, 
Pokorny, & Smith, 1997), the retinal irradiances of the blue and red stimuli were 
estimated based on the optical density of the media (lens, cornea, aqueous and 
vitreous humours) for stimuli greater than 3° diameter (van de Kraats & van Norren, 
2007).  The estimated optical attenuation ranged between 0.28 and 0.35 log units for 
the blue light and was 0.15 log units for the red light across the age range of the 
participants (22-39 years old). 
4.3.3  Experiment 1A:  Temporal properties of the tonic pupil response 
Temporal summation was measured using a two-pulse paradigm (Baker, 1963; 
Ikeda, 1986; Zele, Cao, & Pokorny, 2008).  Test stimuli were two 100 ms rectangular 
pulses separated by an inter-stimulus interval (ISI; 0, 64, 256, 512 or 1024 ms) and 
the control condition was a single 100 ms pulse.  The stimulus duration was chosen 
to be as brief as possible to afford reliable discrimination between the short and long 
wavelength post-illumination pupil response (Park et al., 2011), while long enough 
for a high probability of photon capture by ipRGCs  (Do et al., 2009) and within the 
critical duration for image and non-image forming functions (Alpern et al., 1963; 
Webster, 1969).  To determine that complete temporal integration was not limiting 
the summation for the 100 ms conditions, a control experiment was conducted with 
16 ms pulse stimuli at high irradiance (conditions M
+
BH, M
-
RH; ISI: 0, 32, 64, 96, 
128, 256, 512 ms and a single pulse).  We hypothesised that melanopsin-mediated 
temporal summation would present as an increase in the amplitude of the sustained 
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post-illumination pupil response (condition M
+
BH), and non-melanopsin (outer 
retinal) mediated summation would present as an increase in the amplitude of the 
light evoked pupil constriction (conditions M
-
RH, M
-
BL, M
-
RL). 
4.3.4 Experiment 1B:  Temporal properties of the phasic pupil response 
The phasic response of the pupil light reflex was measured using five 
sinusoidal temporal modulation frequencies; 0.24 Hz (3 cycles) for 12.5 s, 0.50 Hz (6 
cycles) for 12 s, 1.00 Hz (11 cycles) for 11 s, 1.98 Hz stimulus (20 cycles) for 10.10 
s; and 4.08 Hz (41 cycles) for 10.05 s; and stimulus onset began at its minima (zero 
irradiance).  Since ipRGCs are photon counters that signal absolute irradiance for 
long duration circadian processing, it was expected that melanopsin inputs to the 
pupil control pathway would show complete integration over the durations tested.  
The amplitude of the post-illumination pupil response would therefore be invariant as 
a function of stimulus temporal frequency because stimuli with different temporal 
frequencies had the same mean irradiance levels.  If the integration period of the 
intrinsic ipRGC pathway was within the durations tested then the PIPR amplitude 
would be dependent upon photon temporal arrangement and vary systematically with 
stimulus temporal frequency.  We hypothesised that melanopsin activation during the 
phasic pupil response (condition M
+
BH) would present as a decrease in the peak-
trough amplitude, commensurate with melanopsin suppression of the PIPR 
amplitude.  Impulse response functions were derived from the peak-trough amplitude 
data to determine the amplitude and timing of the phasic pupil response. 
4.3.5 Participants 
Fifteen participants (mean age = 28.3 years, SD = 5.9, range = 22 - 39; 8 males 
and 7 females) underwent a comprehensive ophthalmic examination including testing 
for afferent pupil defects, best-corrected visual acuity, intra ocular pressures with 
tonometry (Icare, Finland), slit lamp examination of the anterior eye, 
ophthalmoscopy and colour vision.  All participants had normal eye health with a 
best-corrected visual acuity of 6/6 or greater.  The right eye was dilated 
(Tropicamide 1% w/v, Bausch & Lomb) and reached maximal dilation before 
starting the test session (mean baseline fellow pupil diameter = 6.7 mm, SD = 0.67).  
Ten people participated in the 100 ms 2-pulse experiment (6 M
+
BH, M
-
RH; 4 M
-
BL, M
-
RL), four in the 16 ms 2-pulse control experiment (M
+
BH, M
-
RH) and seven in the 
phasic pupil response experiment (5 M
+
BH, M
-
RH ; 2 M
-
BL, M
-
RL).  Pilot testing was 
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conducted for each of the conditions using one non-dilated participant; this data was 
found not to vary significantly from dilated and was thus included in the analyses.  
The University Human Research Ethics Committee approved the project and all 
experiments were conducted in accordance with the Code of Ethics of the World 
Medical Association (Declaration of Helsinki). Informed consent was obtained from 
all participants. 
4.3.6 Procedure 
After ophthalmic examination, Tropicamide 1% was applied to the 
participant’s right eye and a 15 min dark adaptation period commenced during which 
the procedure was explained.  Participants were aligned in the pupillometer in 
Maxwellian view.  Head position was maintained with a supraorbital arch stabilizer, 
chinrest, temple bars and head restraint.  A single pupil recording consisted of a 10 s 
pre-stimulus period in the dark, the stimulus light presentation as defined in the 
experimental conditions and a 40 s post-illumination period.  A seven minute dark 
adaptation period was allowed between trials during which the participants removed 
their head from the pupillometer but remained seated.  Two repeats were recorded 
for each stimulus for each participant, with a single session typically between 2 and 
2.5 hours in duration.  Repeats were conducted at a similar time of the day for each 
participant and all recordings were conducted in the morning or afternoon to prevent 
circadian dependent variability of ipRGC contributions to the pupil light reflex 
(Münch, Léon, Crippa, & Kawasaki, 2012; Zele et al., 2011).   
4.3.7 Data modelling, pupil metrics and statistical analyses 
To account for individual differences in baseline pupil diameter (Pokorny & 
Smith, 1997), the data were normalised to the baseline diameter defined as the 
average during the five seconds immediately preceding stimulus onset.  The 
maximum pupil constriction diameter and timing were analysed in Experiment 1A.  
Maximum constriction timing was calculated from the first data point after stimulus 
onset which decreased in amplitude by at least 1% from the average of the three 
frames immediately preceding the 10s pre-stimulus time point.  The PIPR was 
modelled with an exponential of the form 𝑦 = 𝑠 ∗ exp(𝑘 ∗ 𝑡) + 𝑟 (where s, k and r 
were free parameters) (Feigl, Mattes, et al., 2011; Feigl, Zele, et al., 2011; Zele et al., 
2011) by minimising sums of squared differences using the Solver analysis tool in 
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Microsoft Excel (Microsoft Corporation).  The melanopsin contribution to the PIPR 
was analysed at 6 s post-stimulus offset (Park et al., 2011). 
In Experiment 1B, the phasic pupil response was calculated by extracting pupil 
peaks and troughs from the data using a peak detection function in Matlab 
(http://billauer.co.il/peakdet.html).  Results were expressed as the phase (in degrees) 
of the average of the latencies of the identified pupil troughs (stimulus maximum 
irradiance) and peaks (stimulus minimum (zero) irradiance) for each stimulus 
frequency and wavelength.  The initial pupil constriction at stimulus onset (i.e., 
during the first cycle) was discarded as it did not represent maximum pupil 
constriction as shown in subsequent constrictions. The peak-to-trough amplitudes for 
the 4.08 Hz condition were not large enough to allow reliable data extraction and so 
are not reported.  
Impulse response functions (IRFs) (Ikeda, 1986) were derived from the 
temporal contrast sensitivity data using a Kramers-Kronig relation to reconstruct the 
temporal phase spectrum with a minimum phase assumption (Stork & Falk, 1987).  
Shinomori and Werner (2003) found the derived impulse response functions were 
similar with or without minimum phase assumption. Cao, Zele and Pokorny (2007) 
provide details of the procedures for deriving the IRFs, and discuss several caveats 
concerning the methodology. 
Repeated measures ANOVAs [within: stimulus wavelength, inter-stimulus 
interval or frequency; between: irradiance level]) were conducted for 6 s PIPR, 
maximum pupil constriction amplitude, peak-trough amplitude and phase.  SPSS 
Statistics 19 (IBM) was used for statistical analysis. 
4.4 RESULTS 
4.4.1 Experiment 1A:  Temporal properties of the tonic pupil response 
Figure 4.1 shows the pupil light reflex as a function of 2-pulse interval from 
individual representative participants in response to the 4 conditions: M
+
BH, M
-
RH, M
-
BL and M
-
RL (panels A to D respectively).  Figure 4.2 shows the group results for 
pupil constriction (timing, A,B; diameter, C,D) and 6 s PIPR (panel E,F).  The panel 
insets in Figure 4.1B,C,D show the first 15 s after onset of the first pulse and 
highlight that two pupil constrictions become manifest with increasing 2-pulse 
interval for the low melanopsin excitation conditions, indicating a common temporal 
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process.  Pupil constriction amplitude is largest for the high melanopsin excitation 
condition M
+
BH compared to M
-
 conditions (Figure 4.1; 4.2C) and constriction 
amplitude increases with increasing ISI under all conditions [F(5,40) = 25.575, p 
<.001, η2p = .762;  Figure 4.2C].  The time to maximum pupil constriction is slower 
(Figure 4.1A and inset) and decreases with increasing 2-pulse ISI for the condition 
with high melanopsin excitation (condition M
+
BH) compared to the conditions with 
low melanopsin excitation (Figure 4.1B,C,D and insets) which are stable from 0 ms 
to 512 ms, and then increase with 2-pulse ISI (Figure 4.2A).  These differences 
implicate different temporal processing characteristics with high and low melanopsin 
excitations.  The PIPR was more sustained with high melanopsin excitation 
(condition M
+
BH; Figure 4.2E, unfilled squares) than in the low melanopsin 
excitation conditions and the 6 s PIPR amplitude is independent of ISI for all 
melanopsin excitations [F(5,40) = .722, p = .611, η2p = .083; Figure 4.2E], 
suggesting that temporal summation does not depend upon ISI. 
Group data for the high irradiance (M
+
BH, M
-
RH) 2-pulse 16 ms control 
experiment is shown in Figure 4.2B,D,F.  As per the 100 ms data (Figure 4.2A), the 
blue 16 ms data (M
+
BH) exhibit a different pupil constriction time course to the red 
data (M
-
RH; Figure 4.2B), and the constriction amplitude increases as ISI increases 
for the red [F(7, 21) = 16.375, p < .001, η2p = .845] but not the blue condition [F(7, 
21) = .555, p < .784, η2p = .156, Figure 4.2D).  Bonferroni adjusted post-hoc t-tests 
revealed that the pupil constriction at 512 ms ISI was significantly larger than the 
control (single pulse), 0, 64, and 256 ms ISI constrictions for the red condition 
(asterisks in Figure 4.2D). The 6 s PIPR amplitude did not change as a function of 
ISI [F(7,21) = .516, p = .628, η2p  = .147, Figure 4.2F] for either M
+
BH or M
-
RH 
conditions [F(7,21) = .777, p = .496, η2p = .206]. 
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Figure 4.1.  Representative 100ms 2-pulse pupil responses for conditions M+BH, M
-
RH, M
-
RL, and 
M
-
BL (clockwise from top left).  In each panel the data are vertically offset by 20% as a function of 
the 2-pulse inter-stimulus interval.  Pupil diameter is expressed as percentage baseline on the left axis, 
and millimetres for the 1024ms condition only on the right axis.  The control condition shows the 
pupillary response to the single 100 ms pulse.  The insets show the first 15 seconds of the pupillary 
trace after stimulus onset.  The vertical line indicates the timing of the second pulse of the longest ISI 
condition (1024 ms). The dashed vertical line denotes the timing of the 6 s PIPR.  The grey lines are 
the best fitting exponential functions used to derive the 6 s PIPR.  The data in each panel are for a 
single observer. 
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Figure 4.2.  Average 100ms (panels A,C,E) and 16ms (panels B,D,F) 2-pulse normalised 
minimum pupil timing and diameter, and 6 s PIPR as a function of ISI.  Panels 2A,B show the 
time at which maximum constriction is reached and Panels 2C,D show the diameter of this 
constriction.  Panels 2E,F show the 6 s PIPR.  Asterisks in panel 2D denote a significant difference 
from 512 ms data point (Bonferroni adjusted pairwise comparisons, familywise p = .05). Conditions 
are coded:  M+BH, open blue squares; M
-
RH, open red circles; M
-
RL, filled red circles and M
-
BL, filled 
blue circles  
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4.4.2 Experiment 1B:  Temporal properties of the phasic pupil response 
Figure 4.3 shows representative pupil recordings from an individual participant 
in response to conditions M
+
BH, M
-
RH, M
-
BL and M
-
RL (panels A to D respectively), 
with the insets depicting 15 s from light onset.  The group data are shown in Figure 
4.4.  The 6 s PIPR amplitude is independent of temporal frequency for high and low 
melanopsin excitations [F(4,20) = .066, p = .991, η2p = .013; Figure 4.4A], with the 
largest sustained PIPR amplitude with the high melanopsin excitation condition 
(M
+
BH).  Pupil peak-trough amplitudes decreased with increasing frequency [F(3,15) 
= 62.835, p < .001, η2p = .926], with the interaction  
[wavelength*frequency*irradiance; F(3,15) = 21.184, p < .001, η2p = .809] indicating 
condition M
+
BH  was significantly attenuated at all frequencies compared to the low 
melanopsin excitation conditions (Figure 4.4B).  The phase of the pupil response 
decreased with increasing frequency [F(3,15) = 89.015, p < .001, η2p = .947; Figure 
4.4C], with no phase differences between any stimulus wavelength or irradiance 
condition. 
The impulse response functions derived from the phasic pupil data for each of 
the four conditions are monophasic, with similar time to peak amplitude (M = 137 
ms, SD = 6; Figure 4.4D). The IRF amplitude was lowest for the high melanopsin 
excitation condition M
+
BH consistent with its reduced peak-trough amplitude in 
Figure 4.4B.  The IRF amplitudes were similar for the red low melanopsin excitation 
conditions (M
-
RL and M
-
RH), and largest for the low irradiance blue condition M
-
BL. 
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Figure 4.3.  Representative sinusoidal pupil responses for conditions M
+
BH, M
-
RH, M
-
RL, and M
-
BL 
(clockwise from top left).  In each panel the data are vertically offset by 20% as a function of 
stimulus frequency.  Pupil diameter is expressed as percentage baseline on the left axis, and 
millimetres for the 0.24 Hz condition only on the right axis. The insets show the first 15 seconds of 
the pupillary trace after stimulus onset. The grey lines are the best fitting exponential functions used to 
derive the 6 s PIPR. The data in each panel are for a single observer.  
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Figure 4.4. Average sinusoidal data depicting 6 s PIPR, peak-trough amplitude, phase and 
Impulse Response Function.  Panel 4A shows the 6 s PIPR as a function of stimulus frequency.  
Panel 4B shows the peak-trough amplitude and Panel 4C the phase lag in degrees between the input 
stimulus and the pupil’s measured response.  Panel 4D shows the derived Impulse Response Function 
for frequencies 0.24 to 1.98 Hz. Conditions are coded:  M+BH, dashed blue line; M
-
RH, dashed red line; 
M-RL, solid red line and M
-
BL, solid blue line.   
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4.5 DISCUSSION 
This study investigated the temporal summation and temporal frequency 
response of the inferred melanopsin contributions to the human pupil light reflex.  
Experiment 1A demonstrated that the temporal summation properties of ipRGCs 
measured in the melanopsin-mediated post-illumination pupil response were 
independent of 2-pulse interval (Figure 4.1; 4.2E), and that the amplitude and timing 
of the initial pupil constriction was different between the low melanopsin (inferred 
outer retina) and high melanopsin (inferred inner and outer retina) excitations such 
that condition M
+
BH was slower to reach maximum constriction amplitude and 
unable to resolve the successive light pulses (Figure 4.1; 4.2A,C).  Experiment 1B 
demonstrated that the PIPR was independent of sinusoidal temporal frequency 
(Figure 4.3; 4.4A) and that the high melanopsin excitation condition attenuated the 
phasic peak-trough amplitude without altering phase (Figure 4.3; 4.4B,C). 
Experiment 1A determined that the characteristics and time course of the pupil 
constriction show differences in temporal summation over 2-pulse interval for high 
and low melanopsin excitation.  With high melanopsin excitation (M
+
BH), the timing 
of the pupil constriction was characterised by a broad minima (compare insets in 
Figure 4.1A to 4.1B,C,D) and a delay in time to maximum constriction (Figure 
2A,B) compared to the low melanopsin excitation conditions which showed faster 
temporal responses.  With 100 ms pulses the pupil constriction amplitude trended to 
increase as ISI increased (Figure 4.2C), indicating partial temporal summation occurs 
under all four melanopsin excitations.  With 16ms low melanopsin excitation (M
-
RH) 
stimuli the constriction amplitude was largest at 512 ms, consistent with the 
summation trend observed by Baker (1963), however this pattern was not observed 
with the high melanopsin excitation condition (M
+
BH) (Figure 4.2D).  We infer that 
the high and low melanopsin excitation conditions involve different processes: The 
slower process did not resolve two pulses in condition M
+
BH and functionally 
augments the timing (Figure 4.2A,B) and diameter (Figure 4.2C,D) of the minimum 
pupil constriction, consistent with melanopsin contributions to pupil constriction as 
identified in mouse models by Lucas et al. (2003).  This time course is incompatible 
with the L-, M-, S-cone and rod excitation entailed by the M
+
BH stimulus (Table 1).  
McDougal and Gamlin (2010) show in humans that the spectral sensitivity derived 
from the half-maximal pupil constriction to short duration (1 s - 10 s), single pulse 
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stimuli is dominated by outer retina signalling (consistent with the common response 
patterns found with the three low melanopsin excitations; Figure 4.2A), with 
melanopsin contributions present in the three-quarter maximal pupil constriction to 
1.78 s pulses.  Here, we identify a melanopsin input to the pupil that is initiated in 
response to briefly presented, 100 ms pulses that acts to slow the temporal response 
of the maximal pupil constriction. 
The PIPR amplitude was invariant of the 2-pulse interval for both the 16 ms 
and 100 ms conditions (M
+
BH, M
-
RH, M
-
BL, M
-
RL; Figure 4.2E,F).  That the stimulus 
irradiances did not saturate the PIPR suggests that complete summation of the 
melanopsin inputs to the PIPR occurred with 2-pulse durations and intervals tested.  
We infer that the PIPR is dependent on the total number of photons above threshold 
and independent of their temporal arrangement.  This is in contrast to the ISI-
dependent summation evidenced by the M
-
 pupil constriction amplitudes (Figure 
4.2C,D), which we infer are predominantly extrinsically signalled.  Physiological 
recordings show that the latency to maximum intrinsic spiking response takes > 1.5 s 
(Berson et al., 2002; Dacey et al., 2005) and the intrinsic melanopsin driven response 
measured using the maximum 1024 ms 2-pulse interval (Figure 4.2E) is within this 
latency period, thus the PIPR exhibits complete summation over the time periods 
tested.  To determine the maximum duration of summation as observed in the pupil, 
future research should increase the duration between stimulus pulses until changes in 
PIPR amplitude are observed.  For the extrinsic pathway activating conditions (M
-
), 
physiological recordings show that the time to the first spike of an ipRGC after 
stimulus onset is faster for rods and cones than for the intrinsic response (Berson et 
al., 2002; Dacey et al., 2005), however based on the current findings, there are at 
least two possible interpretations for the locus of summation.  It may be that 
summation occurs at a site presynaptic to ipRGCs.  Alternatively, there is evidence in 
mice that multiple ipRGC subtypes project to the OPN (Chen et al., 2011) and this 
may hold for humans; the summation might therefore reflect the different temporal 
tuning characteristics of ipRGCs to intrinsic and extrinsic signals, allowing 
summation to occur within ipRGCs in the pupil control pathway.  The locus of 
summation, in conjunction with how the intrinsic ipRGC signal is summed under 
ipsilateral versus contralateral stimulus presentations (to investigate summation in 
the midbrain) and the potential effect upon PIPR, are yet to be determined. 
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Experiment 1B determined that the amplitude of the ipRGC driven post-
illumination pupil response was independent of input temporal frequency (Figure 
4.3, 4.4A).  This observation is consistent with PIPR amplitude being dependent on 
the number of photons above threshold (Gamlin et al., 2007) and not the temporal 
distribution of light for the time intervals studied.  The PIPR amplitude therefore 
displays characteristic photon counting properties as is observed in in vitro 
recordings of ipRGCs (Dacey et al., 2005; Wong, 2012) to signal environmental 
irradiance for photoentrainment (Panda et al., 2002).  Temporal frequency response 
constancy suggests that the intrinsic melanopsin signal measured via the pupil 
control pathway does not have sufficient temporal resolution to discriminate between 
input frequencies, with phasic pupil modulation predominantly controlled by 
extrinsic photoreceptor inputs (Barrionuevo et al., 2014; Gooley et al., 2012).  This is 
in agreement with the results of Experiment 1A which indicate low temporal 
resolution of the melanopsin-mediated pupil responses.  
The phasic pupil responses in Experiment 1B showed that the peak-trough 
amplitude of the melanopsin exciting condition M
+
BH was significantly lower than 
the M
-
 conditions.  This indicates a signature interaction between melanopsin and 
outer retinal signalling can be observed in the pupil’s phasic response.  Comparison 
of the high irradiance red and blue conditions suggest that the intrinsic ipRGC signal 
suppresses the pupil’s peak-trough amplitude by 41% and 51% respectively, 
although stimuli irradiance, luminance and wavelength are also factors.  The phasic 
pupil responses revealed low-pass peak-trough amplitudes for all conditions (Figure 
4.4C) with phase lag increasing with increasing frequency (means: 0.24 Hz = -
47.84°; 1.98 Hz = -335.12°) and a critical flicker frequency approaching 4 Hz 
(Figure 4.4B).  These phase estimates are similar to past reports of the dynamic 
response of the pupil to sinusoidal stimulation (Clarke et al., 2003; Stark, 1962; Stark 
& Sherman, 1957), but which did not explicitly study ipRGC function.  Clark et al. 
(2003) for example, used a dim (scotopic) adapting background that was similar to 
the dark background in this study but the stimulus light was not optimised for 
melanopsin excitation.  In comparison, a recent study using silent substitution to 
measure rod, cone and melanopsin photoreceptor inputs to the pupil control pathway 
with 1 Hz stimuli under steady state light adapted conditions found the phase delay 
decreased as the adapting light level shifted from mesopic to photopic illuminations 
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(Barrionuevo et al., 2014).  The role of the contribution of methodological 
differences to the phase estimates, including the effect of the dark and light adapted 
conditions, stimulus contrast and intrinsic noise in the pupillary pathways still need 
to be explored. 
Impulse response functions derived to quantify the phasic temporal response of 
the pupil light reflex (Figure 4.4D) are monophasic and exhibit consistent time-to-
peaks (M =136.5 ms, SD = 6.25) across the melanopsin and non-melanopsin 
activating conditions.  This time-to-peak amplitude is more than 60-80 ms slower 
than the longest estimates for rods and cones as derived for human reaction time, 2-
pulse and temporal contrast sensitivity measurements (see Cao, Zele & Pokorny, 
2007), and will contain an additional latency inherent to the PLR pathway including 
the iris musculature (Loewenfeld, 1993).  That the IRF amplitude was lower for 
melanopsin activating conditions than the outer retina activating conditions is 
consistent with the proposal that the intrinsic ipRGC contribution to the pupil 
constriction acts to reduce the peak-to-trough amplitude (Figure 4.4B), but without 
introducing a delay in the time to peak (Figure 4.4C).  This suggests an interaction 
between two different signal generators; extrinsic outer retina photoreceptor signals 
which mediate the low pass temporal frequency response (Gooley et al., 2012) and 
the intrinsic (melanopsin) inner retina ipRGC signals which attenuate the magnitude 
of the pupil’s response irrespective of flicker frequency.  Based on the results of this 
study, we infer that the similar temporal frequency amplitude and phase response for 
the three low melanopsin excitation conditions; low irradiance blue (M
-
BL) and red 
(M
-
RL) stimuli (Figure 4.4B,C blue and red filled symbols) and the high irradiance 
red (M
-
RH) stimuli (Figure 4.4B,C red unfilled symbols); measured under dark 
adapted conditions indicate a common mechanism mediates pupillary dynamics in 
the three conditions.  With further refinement, the sinusoidal paradigm may find 
clinical applications in the assessment of inner and outer retinal function.  The high 
melanopsin excitation condition reflects contributions from all three photoreceptor 
types, offering an opportunity to study inner and outer retinal photoreceptor 
interactions as well as the efferent pathways which give rise to the pupil light reflex 
(Feigl & Zele, 2014). 
As shown in Table 1, it is difficult to excite melanopsin using single narrow-
band stimuli without also exciting rods and S-cones.   However, the temporal 
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properties exhibited under condition M+ are distinct from outer retinal mechanisms 
and are best explained as melanopsin inputs to the pupil control pathway.  The PIPR 
is mediated by the intrinsic melanopsin signal as its spectral sensitivity matches that 
of the melanopsin nomogram (Feigl & Zele, 2014; Gamlin et al., 2007; Markwell et 
al., 2010), although this has yet to be shown for the 6 s PIPR metric.  The minimum 
pupil diameter metrics quantified under the M
+
 condition only were found to have 
slower temporal dynamics, a longer latency to minimum pupil diameter and more 
variability compared to those quantified under the M
-
 conditions (which are expected 
to be dominated by rod and/or cone signaling) for both the 100 ms and 16 ms stimuli 
(Figure 4.2A-D); despite the ratio of photoreceptor excitations not differing between 
low and high irradiance conditions (Table 1).  The mean phasic pupil diameter is also 
smallest for the high irradiance blue condition (M
+
) even though the quantal flux is 
the same for the high irradiance red condition (M
-
) This finding is consistent with 
data from mice, that melanopsin activation is required to achieve maximum 
constriction at high irradiances (Lucas et al., 2003). 
4.6 CONCLUSIONS 
We provide the initial observation that the pupil control pathway displays 
complete temporal summation in the PIPR to short duration (100 ms) stimuli.  The 
melanopsin-mediated PIPR amplitude is independent of the inter-stimulus interval 
between two light pulses up to 1024 ms, and independent of the temporal frequency 
of sinusoidal stimuli (0.24 Hz to 4.08 Hz).  The maximum pupil constriction 
amplitude to short 2-pulse stimuli demonstrates contributions from both the inner and 
outer retina:  Melanopsin activating stimuli (M
+
BH) display lower temporal 
resolution, reflecting the slower temporal properties of the melanopsin pathway.  
This manifests as a delay in the time to maximum pupil constriction and an inability 
of the pupil to resolve successive light pulses.  For outer retinal photoreceptor signals 
transmitted extrinsically via ipRGCs to the pupil control pathway, summation likely 
occurs at a locus presynaptic to ipRGCs, or may result from different tuning 
characteristics of the multiple ipRGC subtypes.  We observe a signature interaction 
between melanopsin and outer retinal signalling in the pupil’s phasic response, with 
melanopsin excitation significantly attenuating the peak-trough amplitude without 
altering phase. 
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Chapter 6: The Effects of Light Adaptation 
on the Human Post-Illumination 
Pupil Response 
6.1 ABSTRACT 
Purpose:  We determine the effect of short-term light adaptation on the pupil light 
reflex and the melanopsin mediated Post-Illumination Pupil Response (PIPR).  Inner 
and outer retinal photoreceptor contributions to the dark adapted pupil response were 
estimated. 
Methods:  In Experiment A, light adaptation was studied using short wavelength 
lights ranging from subthreshold to suprathreshold irradiances for melanopsin 
signalling that were presented before (5 – 60 s) and after (30 s) a melanopsin-
exciting stimulus pulse.  We quantified the pupil constriction and the post-stimulus 
response amplitudes during dark (PIPR) and light (Post-Stimulus Pupil Response, 
PSPR) adaptation.  In Experiment B, coloured pre-stimulus adapting lights were 
univariant for melanopsin or rod excitation. 
Results:  Increasing the pre-stimulus duration and irradiance of adapting lights 
increased the pupil constriction amplitude normalised to the dark adapted baseline 
but reduced its amplitude normalised to the light adapted baseline.  Light adaptation 
at irradiances suprathreshold for melanopsin activation increased the PIPR 
amplitude, with larger changes at longer adaptation durations, whereas the PSPR 
amplitude became more attenuated with increasing irradiances independent of 
duration.  Rod univariant adaptation did not alter the constriction amplitude but 
increased the PIPR amplitude.  Correlations between millimetre pupil constriction 
and PIPR amplitudes were eliminated when normalised to the baseline diameter. 
Conclusions:  The findings have implications for standardising light adaptation 
paradigms and the choice of pupil metrics in both laboratory and clinical settings.  
Light and dark adaptation have opposite effects on the pupil metrics, which need to 
be normalised to baseline to minimise significant correlations between constriction 
and PIPR amplitudes..  
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6.2 INTRODUCTION 
Intrinsically photosensitive retinal ganglion cells (ipRGC) project to over a 
dozen brain regions (Berson et al., 2002; Dacey et al., 2005; Do et al., 2009; Gooley 
et al., 2001; Hannibal et al., 2014; Hattar et al., 2006; Hattar et al., 2002; Provencio 
et al., 1998) including the OPN which controls pupil diameter (Baver, Pickard, 
Sollars, & Pickard, 2008).  IpRGCs receive extrinsic synaptic inputs from outer 
retinal rod and cone photoreceptors, as well as signal intrinsically via the 
photopigment melanopsin (Dacey et al., 2005; Jusuf et al., 2007; Liao et al., 2016).  
The pupil light reflex (PLR) therefore provides an objective and non-invasive 
measure of the functional correlates of both extrinsic and intrinsic ipRGC signalling 
in humans.  Under dark adapted conditions it is known that ipRGCs entirely control 
the post-illumination pupil response (PIPR) in humans (Adhikari et al., 2015; Gamlin 
et al., 2007; Markwell et al., 2010) and non-human primates (Gamlin et al., 2007) 
from at least 6 s post-illumination, because the PIPR spectral sensitivity matches that 
of the melanopsin nomogram.(Dacey et al., 2005)  It is largely unknown how light 
adaptation affects the PIPR amplitude. 
Light adaptation alters the steady-state pupil constriction of the pupil light 
reflex, the amplitude increases when assessed 40 minutes after a 5 minute pre-
exposure to long wavelength light with low melanopsin excitation (Mure et al., 
2009).  Pre-adaptation to 30 s of short or long wavelength light also increases the 
subsequent steady-state pupil constriction amplitude to a blue stimulus light with 
high melanopsin excitation (Hansen et al., 2011).  Pre-adaptation for 10 minutes to 
photopic broadband light (30 cd.m
-2
) attenuates the PIPR amplitude measured in the 
dark to a melanopsin exciting stimulus pulse, with the PIPR gradually recovering and 
plateauing 20 minutes post-adaptation (Wang et al., 2015).  Studies demonstrate 
complete attenuation of the PIPR amplitude during continuous adaptation to blue 
light designed to desensitize rods (Park & McAnany, 2015; Park et al., 2011), but the 
causal mechanism for this attenuation is unknown and may be due to incomplete 
melanopsin adaptation given that the PIPR reflects melanopsin signalling only 
(Adhikari et al., 2015; Gamlin et al., 2007; Markwell et al., 2010), at least under dark 
adapted conditions. 
We propose that light adaptation may affect the PIPR amplitude due to the 
different temporal dynamics and light adaptation characteristics of the extrinsic and 
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intrinsic ipRGC pathways as observed in electrophysiological recordings (Dacey et 
al., 2005; Wong, 2012; Wong et al., 2005; Wong et al., 2007).  We systematically 
examine how light adaptation affects the pupil constriction amplitude (reflecting both 
extrinsic+intrinsic ipRGC contributions) and the PIPR amplitude (reflecting intrinsic 
ipRGC contributions only) by altering the duration and irradiance of a short-
wavelength adapting field presented pre- and post-stimulus to a pulse with high 
melanopsin excitation (Experiment A).  Because steady-state pupil control is 
dominated by the activity of extrinsic rod and intrinsic melanopsin contributions 
(McDougal & Gamlin, 2010), we determined how the constriction and PIPR 
amplitudes are altered by fixing the excitations of these photoreceptor classes 
(Experiment B). 
6.3 METHODS 
6.3.1 Participants 
Experiment A included two participants (1M, 1F; mean age 36.5, SD 3.5) and 
Experiment B included four males (mean age 31.8, SD 0.5). Ophthalmological 
examination (slit-lamp examination, intraocular pressure with tonometry (Icare, 
Finland), ophthalmoscopy, colour vision (desaturated Lanthony D15) and OCT 
(Cirrus HD-OCT, Carl Zeiss Meditec, USA) confirmed all participants had normal 
eye health.  Participants had a best-corrected visual acuity of 6/6 or greater (Bailey 
Lovie chart).  The University’s Human Research Ethics Committee (ethics number 
1400000842) approved the experiment, which was conducted in accordance with the 
Code of Ethics of the World Medical Association (Declaration of Helsinki).  
Informed consent was obtained from participants before the experiment began. 
6.3.2 Apparatus 
Pupillometry stimuli were generated using a custom-built Maxwellian-view 
optical system with three LED primary lights (5mm; ‘blue’ λmax 464 nm FWHM 26 
nm, ‘cyan’ λmax 512 nm FWHM 32 nm, and ‘green’ λmax 560 nm FWHM 12 nm; 
StellarNet EPC200C, Tampa, USA).  The light from the primaries was spatially 
homogenised with 5° light shaping diffusers (Physical Optics Corp., California, 
USA) then focussed through achromat doublet lenses (Edmund Optics, New Jersey, 
USA).  Each primary light was aligned along the optical axis using 50:50 beam 
splitters and field size was controlled by an aperture to create a 36° field.  A 100 mm 
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Fresnel lens (Edmund Optics, Singapore) projected stimuli into the plane of the right 
pupil in Maxwellian-view.  Stimulus irradiance was controlled by custom coded 
software (Xcode 3.3.3.5) and calibrated neutral density filters (Ealing, 
Massachusetts, USA).  A chin rest and temple bars maintained participant alignment.  
The participant’s left eye was recorded under infrared illumination (λmax 851 nm) in 
monochrome at 60 Hz (Point Grey FMVU-03MTM-CS, 640 × 480 pixels; Computar 
TEC55 55 mm telecentric lens); pupil diameter was determined offline using a 
custom Xcode program. 
6.3.3 Experimental design 
Experiment A determined if the adapting field duration (5 - 60 s pre-stimulus 
onset) and irradiance (10.5 - 13.5 log photons.cm
-2
.s
-1
) systematically altered the 
PIPR amplitude in response to a 1 s blue stimulus pulse with high melanopsin 
excitation (λmax 464 nm, 15.1 log photons.cm-2.s-1).  Pre-exposure durations were 
selected based upon the long latencies to peak signalling and long integration times 
of melanopsin compared to outer retinal photoreceptors (Dacey et al., 2005; Wong et 
al., 2005; Wong et al., 2007), and adapting irradiances spanned a range from below 
to above threshold for measured melanopsin contributions to the human PIPR 
(Adhikari et al., 2015; Gamlin et al., 2007).  To evaluate the alternative hypothesis 
that the observed PIPR attenuation could be an artefact of normalising the data to the 
baseline (light adapted) pupil diameter, rather than to its dark adapted baseline, we 
analyse the pupil metrics normalised to both the dark and light adapted baseline 
diameters (see the Analyses section).  The paradigm for Experiment A consisted of a 
10 s dark adapted baseline, pre-stimulus light adaptation, the 1 s stimulus pulse, 30 s 
of continued light adaptation, and a 40 s PIPR measured after offset of the adapting 
field (see schematic in Figure 6.1A).  Three repeats of each condition were obtained 
for two observers. 
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Figure 6.1  Schematic of the experimental paradigms.  The duration and irradiance of a blue 
adapting field presented pre-stimulus that continues for 30 s after stimulus offset was altered in 
Experiment A (Panel A).  We also alter the photoreceptor univariance, colour, duration and irradiance 
of an adapting field presented pre-stimulus only in Experiment B (Panel B).  
To examine interactions between extrinsic and intrinsic signal contributions to 
the pupil light reflex, Experiment B investigated the dark adapted pupil constriction 
and PIPR amplitudes after exposure to pre-stimulus adapting fields that altered the 
(1) wavelength, (2) duration (1, 3, 5 s), (3) irradiance (10.5, 11.5, 12.5 and 13.5 log 
photons.cm
-2
.s
-1
, but see next paragraph), and (4) photoreceptor univariance of the 
adapting fields. 
Adapting field durations and irradiances were selected based upon the 
physiological temporal signalling characteristics (latency and time to peak) of the 
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extrinsic and intrinsic ipRGC pathways (Berson et al., 2002; Dacey et al., 2005; 
Wong, 2012; Wong et al., 2005; Wong et al., 2007), spanning the mesopic to 
photopic light levels of their signalling range (Dacey et al., 2005; Wong, 2012).  For 
each coloured field, the light levels were specified relative to the peak spectral 
sensitivity of melanopsin or rods for the four irradiances; therefore, these irradiances 
as expressed are indicative only and will underestimate the true irradiance of each 
field as none of the primaries had a λmax of 482 or 507 nm.  The green 13.5 log 
photons.cm
-2
.s
-1
 condition was not generated because of the low peak irradiance 
output of the green primary. 
Melanopsin or rod univariance was maintained across the three adapting field 
wavelengths by adjusting the irradiance of each blue, cyan and green primary light 
based upon the spectral profile of each primary in conjunction with the known 
spectral sensitivities of melanopsin inputs to the PIPR (λmax 482 nm (Adhikari et al., 
2015; al Enezi et al., 2011; Gamlin et al., 2007; Markwell et al., 2010) and rod inputs 
to image forming vision (λmax 507 nm (Crawford, 1949)), based upon the principle of 
univariance (Mitchell & Rushton, 1971; Rushton, 1972) whereby photoreceptor 
spectral sensitivity specifies the probabilistic photon catch as a function of 
wavelength. 
Each stimulus window consisted of a 5, 7 or 9 s baseline period prior to onset 
of the 5, 3 or 1 s pre-stimulus field respectively (baseline + pre-stimulus field = 10 
s); a 1 s blue stimulus pulse (15.1 log photons.cm
-2
.s
-1
) as used in Experiment A; and 
a 40 s post-stimulus period.  A triplicate of three identical stimulus windows were 
presented successively (153 s total time) and each triplicate was presented twice per 
observer (total of 6 repeats per observer).  Triplicate presentations were randomly 
ordered.  A schematic of the protocol is shown in Figure 6.1B. 
6.3.4 Procedure 
Participants were aligned in the pupilometer (undilated) in Maxwellian-view 
and then dark adapted for seven minutes prior to the pupil recordings.  Head position 
was maintained with a supraorbital arch stabiliser, temple bars and chin rest.  After 
each triplicate measurement, the participant removed their head from the 
pupillometer, remained seated and dark adapted for 7 minutes until the after-image 
had dissipated and the pupil had returned to baseline (Adhikari et al., 2015).  
Recordings were conducted in the morning or afternoon to avoid circadian 
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attenuation of the PIPR that occurs in the evening prior to melatonin onset (Zele et 
al., 2011).  Each experimental session lasted approximately 1 hour, and participants 
volunteered ~8 hours of their time in Experiment A and ~23 hours of their time in 
Experiment B. 
6.3.5 Analyses 
Analyses were performed offline, and each tracing was visualised for the 
manual removal of blink artefacts which were linearly interpolated (MATLAB 
R2014a 8.3.0.532).  In Experiment A, dark adapted and light adapted pupil metrics 
were derived from each tracing:  The dark adapted metrics consisted of the maximum 
constriction amplitude and post-illumination pupil response (PIPR, measured 6 s 
after the post-stimulus adapting field ceased (Adhikari et al., 2015; Park et al., 2011) 
normalised to the dark adapted baseline diameter.  The light adapted metrics 
consisted of the maximum constriction amplitude and 6 s post-stimulus pupil 
response (designated the PSPR: analogous to the PIPR, but measured 6 s after the 
stimulus pulse while the adapting field was still on) normalised to the light adapted 
baseline.  The relationships between the pupil metrics and adapting field irradiances 
for each duration were modelled using 4-parameter (variable slope) log dose-
response curves (GraphPad Prism 6.07), due to the log dose-response relationship 
between irradiance and PIPR amplitude (Gamlin et al., 2007). 
In Experiment B, each of the six stimulus windows were initially visualised 
with box plots (not shown) to confirm that there were no systematic duration effects 
upon the constriction and PIPR amplitudes, and the results averaged.  Extrinsic and 
intrinsic ipRGC contributions to the pupil light reflex were assessed by measuring 
the minimum amplitude (Joyce et al., 2015), while the intrinsic melanopsin 
contribution was assessed by the post-illumination pupil response at 6 s after 
stimulus offset (Adhikari et al., 2015; Park et al., 2011).  Generalised estimating 
equations (IBM SPSS Statistics 21) were used to determine the influence of adapting 
field univariance (melanopsin or rod), colour, duration, and irradiance upon 
constriction and PIPR amplitudes.  This quasi-parametric method is robust to 
violations of normality and was used to apply a linear model that accounted for 
clustering within persons.  Univariate models were initially generated for each of the 
four variables, and significant variables (p < .05) were entered into the composite 
model stepwise in order of increasing p value to assess their impact on the model fit.  
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To determine if pre-stimulus fields altered the variability of the PLR, Coefficients of 
Variation (CVs) were calculated for each metric. 
6.4 RESULTS 
The effect of pre-stimulus adapting field irradiance and duration upon the pupil 
response was measured, and representative pupil tracings from Experiment A are 
shown in Figure 6.2A,D. These traces highlight the primary pupil events, including 
baseline, pre-stimulus adapting field onset, stimulus pulse onset, post-stimulus field 
onset, and adapting field offset. When normalised to the dark adapted baseline 
(Figure 6.2A), the mean data show that increasing the adapting field irradiance 
increases the constriction (Figure 6.2B) and PIPR amplitudes (Figure 6.2C).  In 
contrast, when the same data are referenced to the light adapted baseline (Figure 
6.2D), increasing irradiance decreased the constriction (Figure 6.2E) and PSPR 
(Figure 6.2F) amplitudes at irradiances that are suprathreshold for melanopsin 
signalling.  For suprathreshold irradiances, the longer the pre-stimulus adapting field 
duration the larger the dark adapted constriction (Figure 6.2B) and PIPR (Figure 
6.2C) amplitudes and light adapted constriction (Figure 6.2E) and PSPR amplitudes 
(Figure 6.2F) are. 
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Figure 6.2  Dark and light adapted normalised pupil tracings and metrics.  Representative 
tracings for a single observer for 30 s of pre-stimulus adaptation. The traces are normalised to the dark 
adapted baselines (Panel A) or the light adapted baselines (Panel D). The blue adapting field was 
followed by a 1 s 15.1 log photons.cm-2.s-1 blue (λmax 464 nm) stimulus pulse and 30 s post-stimulus 
field (blue bar positioned at 40 s).  Pre-stimulus irradiances (log photons.cm-2.s-1) and durations are 
inset in the panels.  Dashed vertical lines indicate the timing of the PIPR (Panel A) and PSPR (Panel 
D) measurements.  The tracings show the average of three repeats for each condition.  The mean 
constriction amplitude data are shown normalised to dark (Panel B) and light (Panel E) adapted 
baselines as well as the dark (Panel C) and light adapted PSPR (Panel F).  Error bars represent 
standard deviations.  
Figure 6.3A,B,C (left panels) show example triplicate pupil tracings from 
Experiment B and demonstrate the initial constriction event in response to the pre-
adaptation light followed by the constriction in response to the stimulus pulse (Figure 
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6.3D,E,F right panels).  Typically, pupil metrics are reported in either absolute 
millimetre units (Gamlin et al., 2007; Kankipati et al., 2010; McDougal & Gamlin, 
2010) or normalised to baseline (Adhikari et al., 2015; Herbst, Sander, Milea, Lund-
Andersen, & Kawasaki, 2011; Joyce et al., 2015; Park et al., 2011; Wilhelm & 
Wilhelm, 2003), with the assumption of the independence of these metrics from each 
other as well as pupil baseline.  However, Experiment A demonstrated that light 
adaptation influences the amplitude of pupil metrics derived from the PLR.  We 
therefore determined the relationship between the dark adapted (absolute) millimetre 
baseline pupil diameter and constriction or PIPR amplitude when expressed in 
millimetres (Figure 6.4A) or normalised to the dark adapted baseline diameter 
(Figure 6.4B).  When expressed in millimetres, both pupil metrics are dependent 
upon the amplitude of the dark adapted pupil diameter measured prior to onset of the 
adapting fields, such that increasing baseline diameter predicts increasing response 
magnitude (Figure 6.4A).  The correlations are high between baseline diameter and 
constriction amplitude (r = .653, p <.001), baseline diameter and PIPR amplitude (r = 
.827, p <.001), and constriction amplitude and PIPR diameter (r = .598, p <.001), 
indicating that constriction amplitude can account for 36% of the variance in PIPR 
amplitude. 
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Figure 6.3  Example triplicate pupil tracings from a single participant.  Each triplicate consists of 
three windows, each triplicate was presented twice and the data from all six windows averaged to 
derive percentage constriction and PIPR amplitudes (Panels A,B,C).  Panels D,E,F show the first 
window expressed relative to baseline.  Data are from the ~10.5 log.photons.cm-2.s-1 melanopsin field 
condition.  In each condition, the adapting field (durations and colours inset, grey boxes in right panel) 
are followed immediately by a 1 s blue 15.1 log photons.cm-2.s-1 stimulus pulse with high melanopsin 
excitation. Vertical dashed lines indicate the PIPR measurement time.  
When the metrics are normalised to the baseline and expressed as a percentage, 
millimetre baseline size does not predict PIPR amplitude but does predict the 
minimum amplitude (Figure 6.4B).  The data indicate that increasing baseline 
diameter by a millimetre increases the normalised constriction amplitude by 7.35%.  
Expressing the metrics in percentage baseline units nullifies the correlation between 
baseline diameter and constriction amplitude (r = .035, p = .576) and baseline 
diameter and PIPR amplitude (r = -.038, p = .539), and weakens the correlation 
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between constriction amplitude and PIPR (r = .169, p = .006) such that constriction 
amplitude accounts for less than 3% of the variation in PIPR amplitude. 
 
 
Figure 6.4  Dependence of the pupil light reflex metrics on pupil baseline diameter.  Mean data is 
expressed as absolute change from baseline (Panel A) and normalised to baseline (Panel B).  Data is 
derived from all pre-adapting photoreceptor univariances, durations, irradiances and colours.  The * 
denotes that the slope significantly differs from 0.Generalised estimating equations were used 
to determine the dependence of the pupil metrics on the colour, duration, irradiance, 
and univariance of the pre-stimulus adapting fields (Figure 6.5).  For constriction 
amplitude, the final model specified an effect of duration (p < .001) and irradiance (p 
< .001).  Therefore, melanopsin and rod univariant background fields did not 
differentially affect constriction amplitude (Figure 6.5A) with group means of 
43.91% (SD 4.93) and 43.74% (SD 4.37) respectively.  Similarly, blue, cyan and 
green backgrounds (Figure 6.5B) had no effect on constriction amplitude with means 
of 43.56% (SD 4.37), 44.14% (SD 4.60) and 43.75% (SD 5.09) respectively.  As 
seen in Figure 6.5C, there was a trend evident that increasing background field 
 Chapter 6: The Effects of Light Adaptation on the Human Post-Illumination Pupil Response 103 
duration increased constriction amplitude (1 s: 46.65% SD 4.14, 3 s: 42.58% SD 
4.30, 5 s: 42.24% SD 4.19) for both the melanopsin and rod data such that a 1 s 
increase in adapting field duration increased constriction amplitude by 1.37% [95% 
CI 1.195 – 1.541].  Constriction amplitude trended to increase with increasing 
relative irradiance (Figure 6.5D; ~10.5 log.photons.cm
-2
.s
-1
: 45.55% SD 5.09, ~11.5 
log.photons.cm
-2
.s
-1
: 44.51% SD 4.22, ~12.5 log.photons.cm
-2
.s
-1
: 43.01% SD 4.09, 
~13.5 log.photons.cm
-2
.s
-1
: 41.44% SD 4.18) for both the melanopsin and rod 
conditions, a 1 log unit increase in adapting field irradiance increased constriction 
amplitude by 1.101% [95% CI 0.912 – 1.290]. 
For the PIPR amplitude, the final generalised estimating equation model 
specified an effect of photoreceptor univariance (p = .011) and irradiance (p = .002).  
Mean PIPR amplitude was 1.69% [95% CI 0.381– 3.001] less sustained for 
melanopsin univariant adapting fields (71.81% SD 3.44) compared to rod univariant 
fields (70.12% SD 3.76, Figure 6.5E).  Background colour did not influence PIPR 
amplitude (Figure 6.5F; blue: 71.07% SD 2.92, cyan: 71.52% SD 3.78, green: 
70.08% SD 4.34) nor did adapting field duration (Figure 6.5G; 1 s: 71.59% SD 3.68, 
3 s: 70.35% SD 3.57, 5 s: 70.95% SD 3.77).  The PIPR amplitude trended to be less 
sustained as the relative irradiance of the adapting field increased (Figure 6.5H; 
~10.5 log.photons.cm
-2
.s
-1
: 69.79% SD 3.47, ~11.5 log.photons.cm
-2
.s
-1
: 71.19% SD 
4.29, ~12.5 log.photons.cm
-2
.s
-1
: 70.93% SD 3.25, ~13.5 log.photons.cm
-2
.s
-1
: 
72.44% SD 3.18, such that a 1 log unit increase in adapting field irradiance reduced 
the magnitude of the PIPR by 0.74% [95% CI 0.275 – 1.206].  
To determine if the constriction amplitude and PIPR variability differed by 
condition, Coefficients of Variation (CV) were calculated.  The CVs ranged from 
0.017 to 0.154 (mean 0.085 SD 0.027) for the minimum amplitude and 0.009 to 
0.134 (mean 0.045 SD 0.023) for the PIPR amplitude, indicating that the minimum 
amplitude CV metric was 1.8 × more variable than the PIPR.  The PIPR CVs were 
similar for both the melanopsin (0.046) and rod (0.044) pre-adapting fields, and were 
similar in magnitude to those reported elsewhere (Adhikari et al., 2015).  All CVs 
were under 0.2, indicating good consistency in the response metrics (Adhikari et al., 
2015). 
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Figure 6.5  Effect of pre-adapting field on constriction and PIPR amplitudes (n = 4).  Left panels 
depict constriction amplitude and right panels depict PIPR amplitude.  Mean photoreceptor 
univariance data for all conditions are shown in Panels A & B.  Fields were generated to be invariant 
for melanopsin (left half of each panel) or rods (right half of each panel) for 3 coloured fields (blue, 
cyan, green, Panels C & D), three durations (1 – 5 s, Panels E & F), and 4 irradiances (10.5 – 13.5 log 
photons.cm-2.s-1, Panels G & H).  Plots show 25th, 50th, and 75th percentiles and whiskers indicate 
the range.  The * in the lower right corner of a panel denotes a significant effect (p < .05). 
 Chapter 6: The Effects of Light Adaptation on the Human Post-Illumination Pupil Response 105 
6.5 DISCUSSION 
When normalised to the dark adapted baseline, the post-illumination pupil 
response (PIPR) amplitude increases with increasing adapting field irradiance 
(Figure 6.2C), indicative of melanopsin adaptation because there is no attenuation at 
irradiances below threshold for melanopsin contributions to the pupil control 
pathway (Adhikari et al., 2015; Gamlin et al., 2007; Joyce et al., 2015).  When 
normalised to the light adapted baseline, the post-stimulus pupil response (PSPR) 
amplitude follows a different trend to the PIPR:  At irradiances below the threshold 
for melanopsin contributions to pupil control the PSPR is sustained (Figure 6.2F), 
similar to the (dark adapted) PIPR in response to suprathreshold light adaptation 
(Figure 6.2C).  With increasing pre-stimulus adapting light irradiance, the PSPR 
amplitude becomes more attenuated and returns to baseline at the highest irradiances 
such that its entirely supressed (Figure 6.2D,F).  We infer from the irradiance range 
of this attenuation that the short-term adaptation effect on the PSPR involves 
melanopsin-dependent process, consistent with the electrophysiologically measured 
spike amplitudes of melanopsin which are minimal at 12 log photons.cm
-2
.s
-1
 and 
increase with increasing irradiance (Dacey et al., 2005).  Although attenuation of the 
PIPR has not been previously observed, it is known that with increasing duration of a 
stimulus pulse with high melanopsin excitation, the PIPR becomes less sustained 
(Adhikari et al., 2015; Münch et al., 2012; Park et al., 2011). 
Together the PIPR and PSPR indicate differential effects of melanopsin 
adaptation on pupil control.  When the pupil diameter is referenced to the dark 
adapted baseline (Figure 6.2A), constriction (Figure 6.2B) and PIPR (Figure 6.2C) 
amplitudes increase as the duration and irradiance of the light adaptation exposure 
increases.  When referenced to the light adapted baseline (Figure 6.2D), increasing 
the irradiance of the light adaptation reduces both the constriction (Figure 6.2E) and 
PSPR amplitudes (Figure 6.2F) but increasing the duration of light adaptation (from 
5 – 60 s) increases the constriction and PSPR amplitudes (Figure 6.2D,E,F).  These 
observations are important for the clinical measurement of melanopsin function 
under dark and light adapted conditions.  The dark adapted PIPR amplitude decreases 
in many retinal diseases (for review see Feigl & Zele, 2014 ).  The expected pattern 
of change in disease will be different for the light adapted PSPR amplitude, 
depending on whether the adaptation level is above or below melanopsin threshold.  
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It follows from our data that in individuals with retinal disease, the PSPR amplitude 
will decrease (compared to healthy controls) when measured in the presence of 
subthreshold adapting irradiances and increase when measured in the presence of 
suprathreshold adapting irradiances.  Further research is required to evaluate the 
spectral sensitivity of the light adapted PSPR metric, to determine its photoreceptor 
contributions.  Although the irradiance range is compatible with the PSPR being 
controlled by melanopsin, the role of rod (McDougal & Gamlin, 2010) and S-cone 
(Allen et al., 2011; Dacey et al., 2005; Spitschan et al., 2014) inputs to the pupil 
control pathway need to be considered. 
The measured constriction and PIPR amplitudes are dependent on the 
(absolute) millimetre baseline diameter (Figure 6.4).  For constriction amplitude, the 
relationship to baseline diameter has significant implications:  A 1 mm increase in 
baseline pupil diameter increases the constriction amplitude by 1.08 mm, while the 
PIPR amplitude increases by 0.18 mm.  Additionally, 36% of the variance in PIPR 
amplitude is determined by the preceding constriction amplitude.  These findings 
demonstrate that the true stimulus effect upon the pupil response may be conflated 
with baseline diameter when expressed in millimetre terms.  Normalising the metrics 
to the baseline diameter nullifies these relationships and the constriction and PIPR 
amplitudes become entirely independent of baseline, allowing the true effect of the 
stimulus properties to be assessed.  Importantly, when normalised, the constriction 
amplitude accounts for less than 3% of the variance in the proceeding normalised 
PIPR amplitude, thereby minimising the influence of the initial constriction response 
to the stimulus upon the PIPR.  To limit any potential effects due to individual 
differences in baseline pupil diameter, we recommend that pupil metrics are 
normalised to baseline. 
Characterisation of the effect of the short-term pre-stimulus adaptation on the 
dark adapted pupil response demonstrated that increasing pre-adaptation duration 
increased the pupil constriction amplitude (Figure 6.5C), but not the PIPR amplitude 
(Figure 6.5G), which decreased with increasing adapting field irradiance (Figure 
6.5H).  The rod adapting field univariance condition caused small (1.7%) but 
significant increases in the PIPR amplitude when compared to the melanopsin 
adapting field univariance condition (Figure 6.5E).  That the PIPR is influenced by 
short-term exposure to pre-stimulus adapting fields independent of their duration 
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supports the proposal that extrinsic photoreceptor inputs to ipRGCs can influence the 
response amplitude of the intrinsic signal (Belenky et al., 2003; Wong et al., 2007); 
potentially due to changes in membrane conduction, calcium influx and metabotropic 
receptor interactions in the phototransduction cascade;(Wong et al., 2007) but that 
these small pre-stimulus effects on the PIPR amplitude are unlikely to be important 
in clinical studies.  There was no effect of adapting field colour upon either 
constriction or PIPR amplitudes, consistent with the irradiance manipulations 
maintaining univariance. 
In conclusion, we demonstrate that short-term light adaptation presented pre- 
and post-stimulus to a melanopsin stimulus can significantly alter the pupil 
constriction and PIPR amplitudes.  The light adapted PIPR analogue, the PSPR, is 
attenuated at light levels suprathreshold for melanopsin signalling, unlike the dark 
adapted PIPR which is enhanced.  We also show that normalising the pupil metric 
diameters to baseline increases their independence, and that the dark adapted pupil 
metrics are dependent upon the photoreceptor univariance and irradiance properties 
of brief pre-stimulus fields.  These findings highlight the importance of standardising 
the adaptation state of participants for pupillometry in clinical practice settings. 
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Chapter 7: Discussion and Conclusion 
This thesis explored the temporal, spatial, and adaptation properties of extrinsic 
and intrinsic ipRGC inputs to the human pupil control pathway using non-invasive 
objective pupillometry.  Experiment 1 (Chapter 4) determined that the integration 
times of melanopic inputs to the PIPR were longer than those of extrinsic pathways, 
being invariant to the inter-stimulus interval between brief aperiodic stimuli as well 
as to the temporal frequency of longer duration periodic stimuli, paralleling the 
physiological properties of ipRGCs.  Experiment 2 (Chapter 5) examined how the 
extrinsic and intrinsic pupil responses differed at central and peripheral eccentricities, 
potentially reflecting regional changes in ipRGC size and density.  The spatial 
summation properties of intrinsic ipRGC inputs to the PIPR response were found to 
differ to that of the extrinsic pathway inputs to constriction amplitude, with the PIPR 
mechanism likely dependent upon ipRGC density rather than dendritic field size.  
Experiment 3 (Chapter 6) assessed the impact of acute light history on extrinsic and 
intrinsic contributions to the pupil light reflex and investigated the role of extrinsic 
inputs in modulating PIPR amplitude.  A dose-dependent attenuation of the PIPR 
was identified under light adapted conditions, the opposite of the effect characterised 
under dark adapted conditions.  Further, pre-adapting fields univariant for rod 
excitation resulted in larger PIPR amplitudes than those under melanopsin univariant 
conditions.  Such an effect was not observed for constriction amplitude, with 
predominant extrinsic contributions. 
7.1 TEMPORAL INTEGRATION PROPERTIES OF THE EXTRINSIC 
AND INTRINSIC PUPIL PATHWAYS 
Measurement of the timing and amplitude of pupil constriction and the 
amplitude of the post-illumination pupil response allow the temporal properties of 
extrinsic and intrinsic contributions to the pupil to be determined.  
Electrophysiological studies show that these pathway inputs to ipRGCs differ in their 
temporal response (see Section 2.4.3), with the extrinsic rod/cone pathway being 
faster in latency to first spike and peak spiking while the intrinsic pathway has slow 
kinetics and the ability to maintain spiking for many hours.  How these variations in 
temporal resolution interact to control the functional pupil response was evaluated.  
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Experiment 1A assessed the temporal resolution of the pupil light reflex in response 
to 2-pulse stimuli, using a stimulus high for melanopsin excitation and three stimuli 
low for melanopsin excitation.  For the melanopsin exciting condition M
+
BH, varying 
the ISI between these stimuli (0 – 1024 ms) showed that the PIPR was invariant to 
inter-stimulus intervals over this time scale (Figure 4.2E page 63).  This indicates 
that photic information that travels via intrinsic inputs to the pupil control pathway 
has poor temporal resolution, being fully integrated over this duration at a minimum.  
The true integration time of this pathway may be much longer however, as the 
temporal properties of the intrinsic ipRGC signalling pathway has the ability to 
sustain spiking for many hours (see Section 2.4.3). 
The pupil constriction amplitude showed that temporally extended melanopic 
integration was also evident in the constriction response, where M
+
BH stimuli high in 
melanopsin excitation had longer time courses to reach minimum pupil diameter than 
low melanopsin conditions (Figure 4.1A page 62, compared to Figure 4.1B,C,D, see 
also 4.2A page 62).  On average it took 2 s longer to reach minimum pupil diameter 
for condition M
+
BH than both its low irradiance same wavelength counterpart (M
-
BL), 
and matched irradiance long wavelength counterpart (M
-
RH), suggesting that intrinsic 
augmentation of the constriction amplitude has a slower time course than that of 
extrinsic ipRGC inputs.  Examination of the effect of inter-stimulus interval between 
the two stimulus pulses upon time to minimum pupil shows that in contrast to the M
-
 
conditions, the M
+
 condition reaches minimum pupil diameter faster as ISI increases 
(Figure 4.1 page 62).  This increased velocity of constriction is unexpected given that 
the integration time of the intrinsic ipRGC pathway is proposed to be much longer 
than that of 1024 ms, and the timing should therefore be invariant if melanopsin 
contributions dominate.  Physiological factors may contribute, the multiple short 
wavelength pulses might rate-limit melanopsin regeneration as the process is bistable 
and dependent upon long wavelength light (Mure et al., 2009; Mure et al., 2007), not 
presented in the paradigm.  However, melanopsin chromophore regeneration has 
recently been shown to be at least partially dependent upon the RPE derived  retinoid 
cycle and potentially facilitated by Müller cell function (Zhao, Pack, Khan, & Wong, 
2016), reducing this likelihood of  rate-limitation.   Alternatively, if extrinsic signals 
can inhibit the intrinsic pathway during light presentation as proposed in Experiment 
3, then given the short latency and integration times of extrinsic inputs (Dacey et al., 
 110 Chapter 7: Discussion and Conclusion 
2005), the additive effect of their inhibition would weaken as the time between 
pulses increased.  This theory is supported by the coefficient of variation data from 
Experiment 3, which show that the intrinsically mediated PIPR is 1.8 times less 
variable than the extrinsic+intrinsically mediated pupil constriction amplitude.  
Examination of Figure 4.2A (page 63) shows that the timing of the constriction 
becomes systematically less variable as ISI increases, suggestive of a reduction of 
extrinsic influence upon the pupil constriction amplitude with increasing ISI. 
Examination of the pupil traces reveals a single constriction event for the M
+
BH 
high melanopsin excitation stimuli (Figure 4.1A and insets page 62); in contrast to 
the three M
- 
low melanopsin excitation stimuli that demonstrated two pupil 
constrictions corresponding to each of the light pulses (Figure 4.1B,C,D).  The Baker 
(1963) study that this two-pulse paradigm is based upon similarly observed two 
constriction events in the pupil response using stimuli not optimised to elicit 
melanopsin responses.  Together this suggests that the slow temporal kinetics of the 
intrinsic pathway contributions (Dacey et al., 2005; Wong, 2012; Wong et al., 2007) 
are evident in the pupil constriction amplitude, and these inputs can subsume those of 
the extrinsic pathway when driving the pupillomotor response with short wavelength, 
high irradiance light.  Such results are commensurate with the finding that in 
transgenic melanopsin knockout mice the pupil constriction amplitude is reduced 
compared with mice with intact melanopsin signalling (Lucas et al., 2003), and more 
generally the role of increased melanopsin signalling at high irradiances (see Section 
2.4).  Functionally, such a mechanism may serve to sustain pupil constriction when 
transitioning from dim to bright light environments (e.g., indoors to outdoors) where 
rod inputs to the PLR would saturate and cone inputs would rapidly adapt. 
To assess whether the PIPR amplitude was dependent upon the temporal 
arrangement of photons or its time average irradiance, Experiment 1B measured the 
PLR in response to longer duration periodic stimulation (0.24 – 4.08 Hz).  As per 
Experiment 1A, the amplitude of the PIPR was invariant to the frequency of periodic 
stimulation (Figure 4.4A page 66), confirming that the intrinsic ipRGC pathway has 
an extended integration duration of at least 12.5 seconds, and poor temporal acuity.  
A new signature interaction was identified in the phasic pupil modulation component 
of the PLR:  The peak-to-trough amplitude was attenuated at all temporal frequencies 
under high melanopsin excitation only (condition M
+
BH Figure 4.4B).  That this 
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attenuation was only observed under condition M
+
BH, which entailed ~1600× greater 
melanopsin excitation than the M
-
 conditions (Table 4.1 page 57), strongly suggests 
this effect to be driven by the intrinsic pathway.  However, both high and low 
melanopsin exciting conditions (spanning low to high photopic irradiances) 
demonstrated the same phase relationships (Figure 4.4C page 66) which suggests that 
this additional intrinsic pathway excitation does not slow the pupil response, in 
contrast to the pupil constriction timing in Experiment 1A.  Light adapted data 
supports this observation:  Under steady state conditions the phase delay of the 
human pupil in response to 1 Hz stimuli decreases with increasing irradiance from 
mesopic to photopic light levels (Barrionuevo et al., 2014).  Phase measures in 
Experiment 1B were also similar to those determined with stimuli not optimised to 
study melanopsin function (Clarke et al., 2003; Stark, 1962; Stark & Sherman, 1957).  
This suggests that under both light and dark adaptation the major contributor to pupil 
phase timing is the extrinsic rod/cone pathway, whereby the temporally accurate 
extrinsic pathway tracked changes in stimulus irradiance while the temporally 
integrating intrinsic pathway attenuated the pupil amplitude response based on the 
time average irradiance.  The duration of the integrating window for this time 
averaging mechanism is yet to be determined, but will be at a minimum longer than 1 
s based upon the complete integration of 2-pulse stimuli observed in the constriction 
amplitudes of Experiment 1A. 
The reason that high intrinsic pathway excitation does not slow the pupil 
response during phasic stimulation but does so during tonic stimulation is unknown, 
although differences in tonic and phasic physiological response properties have been 
postulated elsewhere (Beatty, 1982; Grace, 1991).  A study of the light adapted pupil 
found the opposite effect, whereby melanopsin contributions in response to brief 2 s 
stimuli had longer latencies to constriction onset under rectangular wave conditions 
than under Gaussian (i.e, sinusoidal half-cycle at 0.25 Hz) (Tsujimura & Tokuda, 
2011).  The authors infer that a cone mechanism may mediate the constriction 
responses under both stimulus conditions, as cones are more sensitive to the 
instantaneous transitions entailed by rectangular wave stimulus increments 
(Tsujimura & Tokuda, 2011).  However, the time to maximum constriction 
amplitude did not differ between conditions designed to activate only melanopsin, L-
cones or M-cones (Tsujimura & Tokuda, 2011), unlike in Experiment 1A.  
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Methodological differences likely contribute to the substantial difference in results 
between this study and Experiment 1, as the authors used a photopic background 
field (13.5 log photons.cm
-2
.s
-1
 / 612 cd.m
-2
) with relatively modest melanopsin 
contrast changes (8% Weber contrast).  The authors acknowledge such changes are 
unlikely to result in a sustained PIPR, which is the current standard of determining 
melanopsin signalling in the dark adapted pupil response.  Sustained melanopsin-
mediated post-illumination pupil responses were evident in Experiments 1A and 1B.  
Such differences underscore the important interaction between physiological 
adaptation state and stimulus physical properties in determining the relative extrinsic 
and intrinsic photoreceptor contributions to the pupil light reflex. 
7.2 SPATIAL INTEGRATION PROPERTIES OF THE EXTRINSIC AND 
INTRINSIC PUPIL PATHWAYS 
Rod, cone, and melanopsin densities vary with eccentricity, but how the 
relative extrinsic and intrinsic contributions to the pupil light reflex differ with 
eccentricity has not been characterised.  Additionally, given that ipRGC density 
decreases while dendritic field size increases with increasing retinal eccentricity (see 
Section 2.4.5 page 28), there may be differences in PIPR amplitude with the 
eccentricity of retinal stimulation.  Experiment 2 (Chapter 5) determined the 
relationship between pupil light reflex and eccentricity, measuring the PLR centrally 
(0°) and peripherally (20°) at two durations (100 ms and 1 s).  By using short and 
long wavelength stimuli photoreceptor excitation was biased towards activating 
melanopsin inputs to the PLR (short wavelength) or minimising melanopsin inputs 
(long wavelength) (Table 5.1 page 77).  Stimuli were of constant size with changing 
irradiance (13.7 – 15.5 log photons.cm-2.s-1), constant irradiance with changing size 
(5 – 40°), or changing both size (5 – 40°) and irradiance (13.7 – 15.5 log photons.cm-
2
.s-
1
) to maintain a corneal flux density relationship.  Corneal flux density was 
maintained because such a relationship holds for steady state pupil size (Atchison et 
al., 2011; Crawford, 1936; Park & McAnany, 2015; Stanley & Davies, 1995; 
Vervoort, 1899; Watson & Yellott, 2012) as well as the central PIPR (Park & 
McAnany, 2015).  The results show that a CFD relationship holds for both pupil 
constriction amplitude and PIPR at both eccentricities for both durations and 
wavelengths (Figure 5.2D,G page 81).  However, the major finding extends our 
knowledge of extrinsic and intrinsic pathway processing with retinal eccentricity as 
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amplitude differences in response were observed; the PIPR was reduced peripherally 
(short wavelength stimuli, Figure 5.2G) while pupil constriction was similar at both 
eccentricities (short and long wavelength stimuli, Figure 5.2D and 5.3D page 82). 
For the constriction amplitude, no effect of eccentricity was demonstrated for 
both the short and long wavelength stimuli, a process thought to be mediated 
predominantly by rods and cones at the 100 ms and 1 s durations tested here 
(McDougal & Gamlin, 2010).  Based upon the photoreceptor excitations (Table 5.1 
page 77), the short wavelength stimulus demonstrates extrinsic+intrinsic 
contributions while the long wavelength stimulus is predominantly extrinsic.  Given 
that constriction amplitude did not change with retinal eccentricity by wavelength it 
can be inferred that the amplitude of constriction is determined by the extrinsic (rod 
and cone) mediated ipRGC pathway, potentially as the extrinsic ipRGC pathway is 
generated primarily by ON inputs (Wong et al., 2007) which would be maximally 
activated by the rectangular wave stimulus pulse.  However, competing evidence 
suggests that melanopsin contributions to constriction amplitude can be observed:  
Constriction amplitude is reduced in transgenic melanopsin knockout mice (Lucas et 
al., 2003) and Experiment 1A suggests that intrinsic inputs contribute to the 
amplitude and timing of the constriction response (Joyce et al., 2015); hence the 
mediating mechanism is contentious.  Equivalence of pupil constriction amplitude at 
both eccentricities was observed both using short and long wavelength stimuli (the 
short wavelength having ~11460× (4 log units) greater melanopic excitation than the 
long wavelength at the highest irradiance), although time to maximum constriction 
was increased for 1 s central retina short wavelength fields that were large (≥30°) 
(Figure 5.2B page 81) and high irradiances (≥14.3 log photons.cm-2.s-1) (Figure 
5.2C) when altered individually. This was not observed when field irradiance and 
size were altered in concert in the short wavelength CFD condition (Figure 5.2A), or 
in any of the long wavelength conditions (Figure 5.3 page 82).  This suggests that 
short wavelength melanopsin-mediated variability in the timing of maximum 
constriction depends upon a combination of both large field sizes and high 
irradiances, as were used in Experiment 1A (36°, 15.2 log photons.cm
-2
.s-
1
).  The 
mechanism for this is unknown, but as this 30° size is larger than the ~15° to ~25° 
field size of ipRGCs (Procyk et al., 2015), slowing of the constriction timing may 
reflect a decrease of ipRGC signalling due to lateral inhibition by adjacent ipRGCs.  
 114 Chapter 7: Discussion and Conclusion 
The lateral plexus formed by gap junction-coupled ipRGCs (Sekaran et al., 2003) 
could therefore be inhibitory, rather than excitatory.  Further research is needed to 
clarify the electrophysiological signalling properties and functional pupil correlates 
of the ipRGC plexus. 
In contrast to constriction amplitude, the post-illumination pupil response 
amplitude was on average 10.3% (0.05 log units) lower in the peripheral retina than 
the central retina.  This reduction in PIPR amplitude in conjunction with no reduction 
in constriction amplitude suggests that photoreceptor inputs are processed differently 
for image and non-image forming vision, because for image forming vision threshold 
sensitivity is reduced by ~1 log unit at 20° in the peripheral eccentricity compared 
with central vision (Harvey & Pöppel, 1972; Heijl et al., 1987; Johnson et al., 1978).  
This reduced sensitivity of the peripheral retina for intrinsic signalling may be due to 
changes in ipRGC density and size with eccentricity.  The OPN receives afferent 
inputs from all ipRGC subtypes to control pupil diameter (for review see Schmidt, 
Chen, et al., 2011).  Of those inputs to the OPN the M1 and M2 subtype predominate 
with ~ 55% being M1 projections to the OPN core, which regulates pupil diameter, 
and ~45% being M2 projections to the OPN shell, of unknown function (Baver et al., 
2008).  Therefore, pupil control is likely dominated by M1 inputs, and in vivo studies 
of the primate retina have demonstrated that the M1 subtype differs in size and 
density as a function of eccentricity (Figure 2.5 page 29).  M1 ipRGCs are absent in 
the fovea, encircling it at their highest density (~22 cells.mm
-2
), tapering off in an 
exponential fashion to plateau (~6 cells. mm
-2
) at approximately 8 mm from the 
fovea (Dacey et al., 2005).  In conjunction with this, dendritic field diameter is 
smallest parafoveally (~400 µm) increasing linearly with eccentricity (~800 µm 8mm 
from the fovea) (Dacey et al., 2005).  Such findings have recently been confirmed in 
humans (Liao et al., 2016).  For image forming vision the density and diameter of 
retinal physiology fundamentally limits spatial acuity (Anderson, Mullen, & Hess, 
1991; Hirsch & Curcio, 1989), however the relationships for non-image forming 
vision are unknown.  The interplay between M1 density and size may cause the 
reduction in PIPR amplitude in the peripheral retina as the density/size functions 
differ, being exponential for density and linear for field diameter. 
The key finding from Experiment 2, that the melanopsin-mediated PIPR is 
reduced in the peripheral retina, can be interpreted in two ways.  Firstly, the 
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reduction in PIPR amplitude is driven by reduced photon catch by melanopsin in the 
peripheral retina.  IpRGC density is lower and field diameter is larger peripherally, 
suggesting that ipRGC density, and not dendritic field diameter, is the primary factor 
in determining photon catch.  IpRGCs are 6 log units less likely to capture photons 
than rods due to their spatially sparse melanopsin expression (Do et al., 2009), but 
once captured, the ipRGC single photon response is larger than that of rods because 
in darkness ipRGCs operate near threshold.  The capture of a single photon elicits a 1 
mV depolarisation in membrane potential, sufficient to generate a several-fold 
increase in spike rate (Do et al., 2009).  This suggests that, for example, the capture 
of 10 photons of light has a larger effect on efferent brain targets if captured by 10 
individual ipRGCs than if 10 photons are captured by a single ipRGC.  In 
conjunction, the firing of a single neuron in the macaque OPN is sufficient to elicit a 
measureable pupil constriction (Gamlin, Zhang, & Clarke, 1995).  Potentially the 
reduced ipRGC density in the peripheral retina may not necessarily entail reduced 
photon capture, but the summed number of spikes reaching efferent targets may be 
fewer if captured by a single ipRGC, rather than multiple ipRGCs.  Thus more 
ipRGCs signalling would generate stronger constriction responses, and such a system 
would operate as an inherent gain control mechanism, favouring intrinsic melanopsin 
responses in the central visual field due to increased ipRGC density. 
Secondly, it is possible that gain control mechanisms may operate within brain 
targets such as in the OPN to reduce melanopsin-mediated pupil responses in the 
peripheral retina.  Because such ipRGC targets require diverse spatial and temporal 
acuity (ranging from short duration pupil control in the OPN to long duration 
circadian entrainment in the SCN), spatial and temporal integration of intrinsic 
ipRGC signals might occur within these brain sites for optimal functional specificity.  
The image forming visual system maintains retinotopic mapping from the eye to the 
visual cortex (Engel, Glover, & Wandell, 1997; Horton & Hoyt, 1991), allowing 
preservation of information relating to the location of visual field stimulation.  Prior 
to the discovery of ipRGCs, the rat OPN was identified to maintain a retinotopic 
organisation of tonic-ON cells (Trejo & Cicerone, 1984) which had receptive fields 
approximately three times the size of tonic-OFF and phasic inputs to the OPN (Trejo 
& Cicerone, 1984).  This suggests that the OPN preserves information of visual field 
location, consistent with the eccentric reduction in PIPR amplitude in Experiment 2, 
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but with reduced spatial resolution.  Because the pupillomotor response is unitary 
(i.e., each sphincter motor unit receives a pooled signal from the entire OPN 
retinotopic map) (Trejo & Cicerone, 1984), the purpose of this retinotopic map for 
pupil control remains to be determined. 
Higher order gain control on its own however does not account for the 
equivalence of the extrinsically mediated pupil constriction amplitude with 
eccentricity, and would predict that extrinsic and intrinsic ipRGC responses have the 
same response properties as a function of retinal location.  Potentially, both retinal 
gain due to differences in ipRGC density with eccentricity and OPN-level gain 
mechanisms interact to generate differences in extrinsic and intrinsic pupil responses 
with stimulus retinal eccentricity.  In order to evaluate these alternatives, additional 
research is required.  IpRGC electrophysiology at the single unit level in the retina 
has been studied extensively and is ongoing, but the organisation at efferent brain 
targets concerning the signal and spatial summation properties of ipRGCs has 
received little research.  Such studies will resolve questions about the systems-level 
correlates of ipRGC functioning at the retinal level. 
7.3 ADAPTATION PROPERTIES OF THE EXTRINSIC AND INTRINSIC 
PUPIL PATHWAYS 
For image forming vision, the adaptation state of visual circuits can influence 
spatial and temporal thresholds (Kelly, 1974; Shapley & Enroth-Cugell, 1984; 
Webster & Mollon, 1991, 1995).  The same is true of the non-image forming pupil, 
where after bleaching the steady state pupil diameter remains suppressed for up to 
~30 minutes (Alpern & Ohba, 1972), which suggests the long duration integration of 
light exposure for non-image forming functions.  Pupillometric assessment of ipRGC 
function hinges upon the post-illumination pupil response being an objective 
measure of melanopsin signalling; the dark adapted PIPR spectral sensitivity 
confirms this to be the case, as it closely matches that of the melanopsin nomogram 
(Adhikari et al., 2015; Feigl & Zele, 2014; Gamlin et al., 2007).  However, the 
independence of the PIPR from extrinsic signalling after brief light adaptation has 
not been established. 
It has been proposed that extrinsic and intrinsic pathways may not be 
independent:  Belenky et al. (2003) hypothesised that interactions between the 
intrinsic and extrinsic pathways can be observed in the augmentation of intrinsic 
 Chapter 7: Discussion and Conclusion 117 
spiking under pharmacological blockade of synaptic input likely mediated by 
inhibitory amacrine cell contributions (Belenky et al., 2003; Viney et al., 2007), or 
the intrinsic pathway may be altered by extrinsic signals through changes in 
membrane conduction, calcium influx, or metabotropic receptor interactions of the 
phototransduction cascade (Wong et al., 2007).  Interplexiform dopaminergic cells 
synapse with ipRGCs (Viney et al., 2007; Vugler et al., 2007), a potential pathway 
for ipRGC adaptation given the role of dopamine in modulating retinal adaptation by 
reducing rod signalling and increasing cone signalling (for review see Witkovsky, 
2004), as well as regulating melanopsin expression (Sakamoto et al., 2005).  This 
retinal dopamine pathway is predominantly driven by rods and cones rather than 
melanopsin (Cameron et al., 2009).  Additionally, ipRGCs provide signals to 
surrounding neurons, possibly creating areas of localised excitability (Procyk et al., 
2015) or inhibition.  How these networks of excitation and inhibition interact with 
extrinsic and intrinsic signalling to brain targets is unknown, but suggests the 
possibility that the PIPR may not be a truly independent measure of intrinsic 
melanopsin functioning when measured under light adapted conditions. 
When stimuli are superimposed upon a continuous blue field designed to 
suppress rod sensitivity, the sustained PIPR response after two minutes of light 
adaptation is attenuated (Park & McAnany, 2015; Park et al., 2011), and the pupil 
returns rapidly to baseline as is seen in response to stimuli with low melanopsin 
excitation.  However, the cause of this adaptation effect was not established.  
Potentially, the two-minute light was sufficient to desensitise melanopsin, reducing 
PIPR amplitude.  Alternately, the background stimulus during the PIPR component 
of the PLR may have saturated rod inputs to the PIPR, although these have not been 
demonstrated in the dark adapted PIPR.  Experiment 3A altered the duration and 
irradiance of continuous light exposure.  It concluded that attenuation of the PIPR 
was contingent in a dose-dependent manner upon the adapting field:  As the 
irradiance of the adapting field was increased, the post-stimulus pupil response 
(PSPR; the light adapted PIPR analogue) amplitude became increasingly attenuated 
(Figure 6.2F page 99).  Such a response is the opposite of the pattern observed in the 
true PIPR (recorded after adapting field offset, and referenced to the dark adapted 
baseline), which increased in amplitude as adapting field irradiance increased (Figure 
6.2C). 
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Further research is required to determine the mechanism involved in the 
attenuation of the PIPR.  Under light adapted conditions, the dose-response curves in 
Figure 6.2F (page 99) are reminiscent of the known melanopsin signalling 
characteristics as observed in pupil control (Gamlin et al., 2007), although saturating 
at lower irradiances (~13.5 log.photons.cm
-2
.s
-1
 in Experiment 3A compared to ~15 
log.photons.cm
-2
.s
-1
 in Gamlin et al. (2007)).  Importantly, although this is a photopic 
light level where rod contributions can theoretically be discounted for image forming 
vision, rod photoreceptor bleaching is minimal: A 13.5 log.photons.cm
-2
.s
-1
 stimulus 
with even a large 7 mm pupil presented for 37 s as per the longest adapting field 
duration prior to PSPR measurement (Experiment 3A) would bleach only ~0.16% of 
rod pigment (Rushton & Powell, 1972), leaving some 99.84% of rod pigment 
capable of signalling.  Therefore, rod mediation of this process cannot be discounted.   
Alternatively, given that the continuous adapting field was short wavelength, 
S-cone contributions may dominate.  Their inputs to ipRGCs (Dacey et al., 2005) 
have been determined to be antagonistic to “brightness” photoreception by (L+M)-
cones and melanopsin (Spitschan et al., 2014), and to dilate the pupil, consistent with 
the attenuation of the light adapted post-stimulus pupil responses (PSPRs) observed 
in Experiment 3A (Figure 6.2F page 99).  Their signals are also known to be 
sensitive to changes in contrast in the OPN as might occur about the melanopsin 
exciting stimulus pulse, where sustained S-cone signalling inhibits the light-evoked 
firing of tonic cells (Allen et al., 2011).  The specific wavelength and irradiance 
properties of this light adapted paradigm may be such that S-cone signals outweigh 
intrinsic ipRGC inputs that would sustain the PIPR amplitude under dark adapted 
conditions.  Future research could alter the adapting field wavelength and stimulus 
waveform to confirm if S-cones are the mechanism attenuating PIPR amplitude, and 
define the spectral sensitivity of the light adapted PIPR, to determine if it matches the 
melanopsin nomogram as the dark adapted PIPR does.  Silent substitution methods 
(see Section 7.4) could also evaluate the short-wavelength sensitive mechanism by 
using stimulus pulses that manipulate either S-cone, rod or melanopsin excitation in 
isolation, while fixing steady the contributions of the other photoreceptor classes. 
Using pre-adapting fields 1 s to 5 s in duration, Experiment 3B determined that 
the PIPR amplitude was dependent upon the irradiance and univariance (rod or 
melanopsin) of brief light adaptation (Figure 6.5E,H page 104) but not the pre-
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adapting field’s colour or duration (Figure 6.5F,G).  However, the pupil constriction 
amplitude was dependent upon the duration and irradiance of these fields only 
(Figure 6.5C,D), but not their level of rod or melanopsin excitation (Figure 6.5A,B).  
That the constriction amplitude is dependent upon pre-adapting field duration while 
the PIPR is not suggests that the extrinsic and intrinsic pupil responses integrate 
photic information over different durations to determine response amplitudes relative 
to baseline levels.  Additionally, extrinsic and intrinsic signals must remain 
independently encoded in ipRGCs to be decoded by brain targets including the OPN.  
This is distinct from image forming vision where lateral rod and cone pathway 
interactions alter visual sensitivity and slow reaction times to cone isolating stimuli 
in the inferred magnocellular, parvocellular and koniocellular pathways (Cao et al., 
2007; Zele et al., 2013; Zele, Maynard, Joyce, & Cao, 2014).  Such findings also 
suggest that the image forming pathways cannot determine the photoreceptor that 
originated phototransduction (Cao et al., 2008), unlike the pupil that demonstrates 
dissociable differences in the PLR kinetics depending upon spiking initiated by the 
extrinsic or intrinsic pathways. 
McDougal and Gamlin (2010) determined that the relative weightings of 
photoreceptor contributions during light exposure depended on stimulus duration.  
For both the dark adapted pupil and light adapted (50 Td) pupil, melanopic 
contributions were absent from the half-maximal pupil constriction until the stimulus 
duration reached 17.8 s, after which they outweighed rod and cone inputs (McDougal 
& Gamlin, 2010).  Experiment 3B showed that for the light adapted pupil, a pre-
exposure increment of 2 s (change in duration from 1 to 3 s or 3 to 5 s) is sufficient 
to increase the pupil constriction amplitude (Figure 6.5C page 104), suggesting brief 
integration times for extrinsic signalling within the order of seconds.  The 
intrinsically mediated PIPR on the other hand must have longer integration times 
than that of the extrinsic pathway, given that the longest duration 5 s fields did not 
influence the amplitude of the PIPR (Figure 6.5G), in agreement with the findings of 
Experiment 1.  Wang et al. (2015) assessed how the state of dark adaptation affects 
the PLR, by measuring the PLR every 5 minutes up to 40 minutes after light 
adaptation to 10 minutes of 30 cd.m
-2
 white light.  They determined that the PIPR in 
response to blue light (100 cd.m
-2
) increased in amplitude from ~80% baseline 
measured 1 minute after adapting field offset to ~65% measured 40 minutes after 
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adapting field offset.  This 15% change in PIPR plateaued 20 minutes after light 
adaptation, which indicates that melanopsin contributions to the PLR are slow to 
recover and potentially integrate over 20 minutes to determine baseline.  In contrast, 
the constriction amplitude remained static, varying by ~≤5% and did not indicate a 
duration effect (Wang et al., 2015).  The long duration photic memory of the intrinsic 
pathway is commensurate with a role of ipRGCs in long duration signalling for 
circadian processes (Berson, 2003; Panda et al., 2002; Ruby et al., 2002). 
Pupil constriction amplitude did not vary with adapting field bias (Figure 6.5A 
page 104), consistent with the observation that constriction amplitude is mediated by 
the temporally accurate (L+M) non-opponent luminance pathway (Park & McAnany, 
2015), which was not assessed in Experiment 3B.  Potentially, the variability of the 
PIPR may be influenced by the adapting field, which would indicate a dependence of 
the PIPR upon pre-adaptation fields.  However, the PIPR coefficients of variation 
were determined to be small and consistent with that reported by Adhikari et al. 
(2015) who did not use adapting fields.  The similarity in CVs suggests that adapting 
fields neither enhanced nor reduced the variability of the PIPR.  That the PIPR is 
only minimally affected by short duration adapting fields emphasises its utility as a 
non-invasive measure of the intrinsic melanopsin pathway. 
7.4 LIMITATIONS AND FUTURE DIRECTIONS 
There are some methodological limitations to this program of study that are 
worthy of discussion.  Firstly, the studies in this thesis rely upon small sample sizes, 
which (it could be argued) might demonstrate results that are not representative of 
the general population.  Small samples are used in this instance because the 
experiments are laborious, requiring long time commitments from participants (for 
example, ~18 hours per person in Experiment 2 and ~23 hours in Experiment 3B). 
These sample sizes are common in human pupil studies that require a high number of 
repeats and long duration experimental sessions, such as studies by McDougal and 
Gamlin (2010), Gamlin et al. (2007), Park and McAnany (2015) and Barrionuevo et 
al. (2014), that had from two 2 to 5 observers.  It has been argued that these small 
sample sizes can be sufficient to demonstrate previously undocumented effects 
(Anderson & Vingrys, 2001), and the large number of repeats can be advantageous, 
increasing the confidence in the mean values generated by reducing the variance of 
the data sets and so improving statistical power.  In addition, extensive apparatus 
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calibration, pilot testing, and stimulus and measurement parameter optimisations are 
performed to enhance the specificity and repeatability of the observations.  This 
results in data that are internally consistent and that agree with that published 
elsewhere, for example the replication of the effects observed by Park and McAnany 
(2015) in Experiment 3A, despite differences in apparatus and paradigm.  Finally, 
each participant also undergoes a thorough ophthalmological examination in order to 
exclude observers with abnormal eye health who might not be representative of the 
general population.  Thus, although the findings presented in this thesis are 
preliminary, it is expected that they would be confirmed when replicated with a 
larger sample. 
Secondly, the studies in this thesis use LED primary lights to generate stimuli, 
which have the advantage over traditional broadband light sources of being long 
lasting and efficient, with low heat output, high spectral consistency and high 
temporal accuracy (Watanabe, Mori, & Nakamura, 1992).  Photoreceptors operate on 
the principle of univariance, whereby the photoreceptor’s spiking response is based 
purely upon the probabilistic quantum catch, not the wavelength of light stimulation 
(Estevez & Spekreijse, 1982; Mitchell & Rushton, 1971).  The problem when 
measuring the functional pupil response is that it is impossible to isolate a single 
class of photoreceptors using one primary:  It is possible for example, for a 
narrowband primary stimulus of 530 nm medium wavelength light of sufficient 
irradiance to excite all photoreceptor classes to varying degrees, due to the overlap of 
their spectral sensitivities.  For the three experimental chapters then, it was not 
possible to specify which individual photoreceptors contributed to the constriction 
amplitude metric, although inferences were made based upon the stimulus 
wavelength and irradiance properties, and the dynamics of the pupil constriction 
response.  This is not a problem for the dark adapted PIPR, as it has been shown to 
be mediated by a single photoreceptor class in the central retina, ipRGCs, via the 
photopigment melanopsin (Adhikari et al., 2015; Gamlin et al., 2007; Markwell et 
al., 2010),.  Potentially, photopigment expression by ipRGCs may differ with retinal 
eccentricity, which could explain the reduced amplitude of the peripheral PIPR 
observed in Experiment 2 (Chapter 5).  However, there is no evidence for this 
presently.  Additionally, the photoreceptor inputs which mediate the light adapted 
PIPR are currently unknown, as the spectral sensitivity of the light adapted PIPR has 
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not been determined at this stage.  Experiment 3 (Chapter 6) suggests they may be 
multiple, with the potential for extrinsic inputs to the PIPR.  It is also worth noting 
that the five ipRGC subtypes discovered to date differ in their anatomical 
distribution, morphology, and electrophysiology, and could potentially differ in the 
spectral sensitivities of their photopigment as well.  However, evidence for this has 
not been shown. 
In an effort to define photoreceptor excitations, Lucas et al. (2014) have 
suggested characterising light stimuli in terms of α-opic lux, whereby α corresponds 
to each type of chromophore.  As demonstrated in Tables 4.1 (page 55) and 5.1(page 
74), for any given stimulus the relative photoreceptor excitations can be specified.  
Such a conversion allows stimuli from different studies to be compared, despite the 
differences in stimulus intensity and spectral power distribution.  However, this 
technique is not without problems, as it does not take into account factors such as 
changes in photoreceptor and receptive field size and density as a function of 
changing stimulus size or eccentricity, and the differential photoreceptor sensitivities 
depending upon level of light adaptation and stimulus waveform.  Many of these 
factors are still to be determined.  Additionally, the specified α-opic lux values do not 
have a functional pupil correlate.  Such a unit then has utility in describing a light 
source under limited conditions, but cannot be used to draw conclusions about 
functional responses, as they are lacking.  This program of research has specified 
stimuli in terms of α-opic lux for two studies, providing functional pupil correlates in 
response to precisely defined stimuli. 
The method of silent substitution avoids the problem of a single narrowband 
stimulus exciting multiple photoreceptor types.  Silent substitution alters the output 
of multiple narrowband primaries in tandem at the same adaptation level, determined 
computationally based upon the radiance and spectrum of the light sources in 
conjunction with photoreceptor spectral sensitives (Estevez & Spekreijse, 1982; 
Pokorny et al., 2004; Shapiro, Pokorny, & Smith, 1996).  Such methodology has 
been used to assess rod-cone interactions (for review see Zele and Cao, 2014) and 
ipRGC signalling (Barrionuevo et al., 2014; Cao et al., 2015; Spitschan, Aguirre, & 
Brainard, 2015; Tsujimura et al., 2010).  This technique requires that stimuli be 
specified in photoreceptor contrast increments relative to a background field, thus 
high irradiance melanopsin targeting stimuli from dark background conditions cannot 
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be generated, but allows the study of the light adapted pupil light reflex to identify 
rod, cone, and melanopsin interactions.  
Adaptive optics (AO) techniques hold promise by allowing the direct 
visualisation of individual cells in the retina, including rods, cones, and ipRGCs (for 
review see Godara, Dubis, Roorda, Duncan, and Carroll, 2010).  They enable high-
resolution imaging of the retina by compensating for the alteration of the wavefront 
by optical aberrations (Carroll, 2008; Godara et al., 2010; Roorda et al., 2002), and 
have been used to image ganglion cells thought to be ipRGCs based upon their 
displacement in the inner nuclear layer of the retina (Gray et al., 2008).  Such 
technology allows the precise targeting of photic stimuli through tracking techniques, 
to identify the perceptual correlates of individual photoreceptor excitations (Sabesan, 
Schmidt, Tuten, Boehm, & Roorda, 2015; Schmidt, Sabesan, Tuten, Neitz, & 
Roorda, 2015).  In the future, AO may allow the targeting of individual ipRGCs for 
photic stimulation and the recording of its pupil correlates.  A key advantage of this 
is that the retinal signalling pathways are not altered, as occurs for transgenic 
manipulation of the extrinsic or intrinsic pathways, with unknown consequences. 
The pupillometric paradigms identified in this thesis define the basic properties 
of the pupil light reflex in health human observers, with a particular emphasis on 
measuring intrinsic ipRGC contributions.  Such information is an important 
precursor to the development of clinical pupillometric protocols to detect diseases of 
the eye and brain.  Pupillometry is an attractive tool for this purpose, being able to 
assess dysfunction of the photoreceptors, retinal ganglion cells, and the pupil reflex 
pathway (Kardon, 1992; Lowenstein & Loewenfeld, 1958).  It is additionally 
inexpensive, non-invasive, fast, and well tolerated by observers.  Although 
commercial systems are available, they remain relatively rudimentary and non-
optimised.  Further tailoring and refinement of the temporal, spatial and adaptation 
properties of pupillometry protocols will enhance the specificity and therefore utility 
of pupillometry for the diagnosis of disease, as well as the monitoring of its 
progression. 
7.5 CONCLUSION 
The three experimental chapters in this thesis explore temporal, spatial, and 
adaptation properties of the human pupil light reflex and its extrinsic and intrinsic 
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inputs.  The data indicate that in many respects, electrophysiological evidence that 
the extrinsic pathway is temporally fast and the intrinsic pathway temporally 
integrating are accurate descriptors of the functional extrinsic and intrinsic correlates 
measured in the ipRGC mediated pupil light reflex.  Experiment 1 (Chapter 4) 
identifies novel interactions between extrinsic and intrinsic signal generators, in both 
the time course of the pupil’s constriction response to aperiodic stimuli and the peak-
trough amplitude of the periodic response.  Experiment 2 (Chapter 5) determines that 
inputs to the pupil light reflex are reduced in the peripheral retina, for the intrinsic 
PIPR but not extrinsic+intrinsic pupil constriction pathways.  A mechanism is 
postulated, due to the highest ipRGC density in the central retina resulting in the 
greatest probabilistic photon catch and thus signalling.  Experiment 3 (Chapter 6) 
identified that the level of light adaptation fundamentally alters the response 
properties of the post-stimulus amplitude, such that the PSPR amplitude 
systematically decreases with increasing adapting irradiance above melanopsin 
threshold.  Additionally, for the dark adapted pupil, brief univariant pre-adapting 
fields alter the intrinsic contributions to the PLR, hitherto thought to be a robust and 
independent measure of melanopsin function.  The three experiments demonstrate 
functional distinctions between the extrinsic and intrinsic pathway contributions to 
the human pupil light reflex, based upon their differing temporal, spatial, and 
adaptation properties as observed from cell electrophysiology and anatomy.  This 
course of study underscores that the choice of stimulus properties such as irradiance, 
duration, wavelength, eccentricity, and adaptation state of the pupil can alter the 
relative weightings of extrinsic and intrinsic contributions to the pupil control 
pathways.  Such information is a necessary precursor to the tailoring of chromatic 
pupillometry for the assessment of ocular and non-ocular diseases.  This research 
demonstrates that extrinsic and intrinsic signals, which are encoded simultaneously 
by ipRGC axons, are dissociable by the OPN for pupil control.  This differs from the 
image forming magnocellular, parvocellular, and koniocellular pathways, which 
cannot determine the photoreceptive origin of the signal (Cao et al., 2008).  
Therefore, the image forming and non-image forming visual pathways fundamentally 
differ in their processing of photic information, despite sharing the same sites of 
phototransduction. 
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